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Higher surface area of zirconia catalysts are prepared with different digestion duration, 
doping with different weight proportion of Si and modification with different 
concentrations and types of alkali. Characterization data of the samples are provided by 
powder X-ray diffraction (XRD), nitrogen adsorption, temperature-programmed 
desorption (TPD) and inductively coupled plasma atomic emission spectroscopy (ICP-
AES). Catalytic activity of the zirconia, silica-zirconia and the alkali doped samples are 
investigated with decomposition of 2-propanol and decomposition of 4-methyl-2-
pentanol.  
 
Hydrous zirconia after digestion resulted in higher surface area and pore volumes in the 
calcined samples. With longer digestion, the surface area, pore volume and percentage of 
tetragonal crystalline phase increased with the maximum for zirconia that had been 
digested for 8 days. Compared to undigested zirconia, digested zirconia had better 
thermal stability and higher acidity. However, CO2 TPD showed that the basicity of the 
zirconia was not affected by digestion. The longer digested samples were catalytically 
more active than the undigested or shorter-digested zirconia in the decomposition of 2-
propanol but study of the decomposition of 4-methyl-2-pentanol did not show significant 
differences in the selectivity to 4-methyl-1-pentene. The alkali-doped zirconia has up to 
20 m2/g higher surface area than the undoped zirconia. The fraction of tetragonal phase 
decreased from Cs > K > Na-doped zirconia. Despite higher surface area, alkali doping 
did not show significant differences in the selectivity to 4-methyl-1-pentene in the 
decomposition of 4-methyl-2-pentanol compared to pure zirconia.  
  
vii 
The incorporation of Si in zirconia resulted in a higher surface area and reached the 
maximum of 271 m2/g with 15 wt. % Si loading. The presence of Si in zirconia resulted 
in good thermal stability up to 900 °C and the increases of the temperature of 
crystallization. Below 4 wt. % Si, the tetragonal phase was present even after calcination 
at 1050 °C. For higher Si loadings, the samples were amorphous after calcination at 
500 °C. The silica-zirconia samples were acidic and a maximum in acid density was 
found for 8 wt. % Si-ZrO2 with 8-day digestion. Due to the acidic property, the samples 
were active for the decomposition of 2-propanol with a higher yield of propene than pure 
zirconia. For Si loading > 8 wt. %, the selectivity to propene was 100 %. However, the 
extremely high acid density led to a very poor selectivity to 4-methyl-1-pentene in 
decomposition of 4-methyl-2-pentanol despite the higher surface area. Therefore, 
modification with different concentrations and types of alkali samples and grafting of 
zirconium 1-propoxide onto silica-zirconia catalyst are carried out to obtain higher 
surface area of zirconia-based catalysts with acid-base properties as close to that of pure 
zirconia. Alkali doping resulted in a higher selectivity to 4-methyl-1-pentene with cesium 
ions being the most effective. However, the highest selectivity of the silica-zirconia 
samples for 4-methyl-1-pentene was 44 %, which is still lower than for pure zirconia, 
64 %. In the decomposition of 4-methyl-2-pentanol, the selectivity for 4-methyl-1-
pentene over the zirconia grafted samples was only slightly higher, 23 -25 %, as 
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1.1 Porous Materials and Heterogeneous Catalysis 
Porous materials have a number of useful properties. The internal surface area is large 
and the volume ratio of pore space to the total volume of the material or porosity is 
between 0.2 – 0.95 [1]. Hence, porous materials are important in many applications 
involving catalysis, separation, sensing, gas storage, etc.  
 
Porous materials are classified according to their pore size which can be measured using 
adsorption techniques. According to the International Union of Pure and Applied 
Chemistry (IUPAC), microporous materials have pores under 2 nm in diameter, 
mesoporous materials have pores of 2 - 50 nm, and any material with an average pore 
diameter above 50 nm is considered as macroporous. In catalysis, it is important that the 
pores must be sufficiently large for substrates to enter and products to exit. Porous 
materials can also be classified according to their materials constituents (such as organic 
or inorganic; ceramic or metal) or their properties [1]. Table 1-1 shows the available 







Table 1-1 Classification of porous materials [1]. 
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Catalysis plays a potent role in our society and economy. For example, most of the 
chemicals and fuels produced in the industry have been in contact with one or more 
catalysts. In fact, as far as chemistry is concerned, catalysis is the key to sustainability [2]. 
Catalytic system can be divided into two categories, namely homogenous catalysis and 
heterogenous catalysis. In homogenous catalysis, the catalyst is of the same phase as the 
reactants and products. This may take place either: 
i) in the gas phase, for example, when nitrogen oxide catalyses the oxidation of sulphur 
dioxide; or 
 3 
ii) in the liquid phase, for example, when hydroxide (OH-) ions catalyses the 
transesterification of fatty acid triglycerides with methanol. 
 
In heterogenous catalysis, the catalyst and the reactants are in different phases. A 
common example is a system where the catalyst is a solid while the reactants are gases or 
liquids. Heterogenous catalyst is more preferable and environmentally benign as it is 
easily separated and cleaned. For a workable catalyst, there must be a chemical 
interaction between catalyst and the reactant-product system, but this interaction should 
not change the chemical nature of the catalyst except on the surface. For instance, in a 
typical gas/solid system, the gaseous reactants are fed over the catalyst bed continuously 
at high temperatures, and sometimes at high pressures, using flow reactors. From an 
external point of view, the process seems extremely simple - reactants enter the reactor, 
and the products leave it. At a molecular level, things are much more complicated - 
reactants must diffuse through the catalyst pores, adsorb on its surface, travel to the active 
sites, react and desorb back to the gas phase. In the heterogeneously-catalysed reactions, 
the following steps are involved: [3] 
a) diffusion of reactants to the surface (surface diffusion) 
b) adsorption of reactants at the surface 
c) chemical reaction on the surface (molecular rearrangements at active surface sites) 
d) desorption of products from the surface 
e) diffusion of products away from the surface. 
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Heterogenous catalysts may be metals, oxides, zeolites, sulfides, carbides, organometallic 
complexes, enzymes and so forth. The principal properties of a catalyst are its activity, 
selectivity and stability. Chemical promoters may be added to optimize the quality of a 
catalyst, while structural promoters improve the mechanical properties and stabilize the 
particles against sintering. Thus, catalysts may be quite complex. Spectroscopy, 
microscopy, diffraction and reaction techniques offer tools to investigate what the active 
catalyst looks like. 
 
The whole range of heterogeneous catalysts used in various reactions can be divided into 
different types based on the nature of the catalytic sites on which the reaction takes place. 
For example, dehydration, cracking and isomerisation require acidic sites, hence, acidic 
oxides such as silica-alumina, alumina and zeolites are used in these reactions. On the 
other hand, supported metal catalysts are essentially suited for hydrogenation and 
dehydrogenation reactions involving hydrogen. The general classification of 










Table 1-2 Classification of heterogeneous catalysts [4]. 




dehydrogenation,       
hydrogenolysis (oxidation) 
 
Fe, Ni, Pd, Pt, Ag 






NiO, ZnO, MnO2, Cr2O3, 
Bi2O3- MoO3, WS2 
Insulator oxide Dehydration 
 
Al2O3, SiO2, MgO 




H3PO4, H2SO4, SiO2-Al2O3, 
zeolites, 
 
Transition metals are good for reactions involving hydrogen and hydrocarbons because 
these substances readily adsorb at the surface of metals. Base metals are useless as 
catalyst for oxidation because they are easily oxidized throughout their bulk at the 
necessary temperature. Therefore, only noble metals such as palladium and platinum 
which are resistant to oxidation at the relevant temperature may be used as oxidation 
catalysts. Oxides such as alumina, silica and magnesia which do not interact much with 
oxygen are poor oxidation catalysts, but they may be used to catalyze dehydration due to 
their ability to adsorb water easily. 
 
1.2 Zirconia and Zirconia-based Catalysts 
Zirconia is known to have high melting point (2715 ºC), low thermal conductivity and 
high corrosion resistance. These characters make it useful under harsh conditions. 
Zirconia also is the only metal oxide that demonstrates four chemical properties on the 
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surface: acidic and basic properties and oxidizing and reducing properties [5]. In recent 
years, the use of zirconium oxides/hydroxides in catalyst systems has grown rapidly. 
Zirconia also finds increasing use as part of catalyst systems, predominantly as a carrier 
or a support. Therefore, preparation of high surface area zirconia is an interesting 
challenge to improve its performance as a support or its direct use as catalyst. Different 
methods to prepare high surface area zirconia will be outlined in 1.3.  Zirconia exhibits 
three well established polymorphs- monoclinic, tetragonal and cubic [6]. The monoclinic 
phase is stable up to 1170 ºC. Above this temperature, it transforms to the tetragonal 
phase. The tetragonal phase transforms to the cubic phase when the temperature is above 
2370 ºC. The high temperature phase cannot be retained upon rapid cooling to room 
temperature. However, the tetragonal or cubic phase can be stabilized by the addition of 
dopants such as titania, silica, lanthana, yttria, etc [7-12]. This is important as the 
tetragonal form presents better textural and acid–base properties than the monoclinic 
form and is therefore mostly used in catalysis [13]. The addition of dopants can also 
enhance the surface area and thermal stability of zirconia. Undoped or doped zirconia can 
be tailored to modify the nature of the support with respect to surface area, thermal 
stability, porosity, surface acidity/basicity as well as crystallinity.  
 
The acid and base bifunctional properties of zirconia and its mixed oxides have a number 
of catalytic properties [14]. In C-H bond cleavage, the H-D exchange between methyl 
group of adsorbed 2-propanol-d8 and surface OH group was studied over several metal 
oxides [15]. ZrO2 and ThO2 showed significant catalytic activities for the exchange 
reaction. However, the exchange reaction was not catalyzed by strongly acidic SiO2-
 7 
Al2O3 or Al2O3 while strongly basic MgO and CaO caused the dehydrogenation of 
alcohol to form ketones. Instead, the weak acid-base property of ZrO2, having both acidic 
and basic sites, is considered to activate the methyl group.  
 
1-Alkenes are known to be preferentially formed in the dehydration of alcohols over 
ZrO2. For example, the selectivity for the formation of 1-butene in the dehydration of 2-
butanol was 27% when catalysed by Al2O3, but was 90 % for ZrO2 [16]. The poisoning 
effects with n-butylamine and carbon dioxide indicate that the high catalytic selectivity 
was due to the acid-base bifunctional catalysis. The specific character of ZrO2 in 
activating the methyl group of the alcohol is its ability to simultaneously abstract both 
OH- and H+ of a terminal methyl group to form 1-alkenes from 2-alkanols. In contrast, 
the strongly acidic Al2O3 abstracts OH- first from the secondary alcohol to give a 
carbenium ion and subsequently rearranges to form mainly 2-alkenes. 
 
In the isomerization of l-butene studied by Nakono et al [17], ZrO2 was found to be twice 
as active and selective than A12O3. The results suggest that the basic sites on ZrO2, which 
are stronger than those on A12O3, participate as active sites in the isomerization reaction. 
Another example that shows the ability of ZrO2 in enhancing activity and improving 
selectivity is the formation of acetonitrile from triethylamine. This occurs over ZrO2 but 
not over strongly acidic SiO2-Al2O3 and strongly basic MgO [18, 19]. Strongly acidic 
SiO2-A12O3 forms mainly ethylene, while a strongly basic but very weakly acidic MgO 
does not form any products. ZrO2, which is more basic than SiO2-A12O3 forms 
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acetonitrile selectively. The concerted acid-base bifunctional catalysis of ZrO2 was 
studied by the TPD coadsorption of NH3 and CO2 [20].  
Another unique selectivity shown by zirconia is in the Fischer-Tropsch synthesis of 
oxygenated products from synthesis gas. Currently only methanol can be produced with 
high selectivity. However, Rh/ZrO2 has been shown to be quite selective for ethanol 
formation [21]. This is due to electron transfer between Rh particles and the zirconia 
support. Other examples include the formation of 1-butene from 2-butamine [22], 
allylalcohol from epoxide [15], hydrogenation of olefins [23], ketones from aldehydes, 
alcohols, carboxylic acids and esters [24-28], etc. 
 
1.3 Preparation of High Surfaca Area Zirconia 
Due to the amphoteric nature of zirconia, it is a promising support for several catalytic 
applications. However, compared to other common supports like silica and alumina, the 
relatively small surface area of conventional zirconia (surface area < 50 m2/g) [29] limits 
its use as a support or catalyst for reactions. Hence, many attempts have been made to 
prepare zirconia with a higher surface area.  
 
Different methods of preparation have been reported in the literature. The most common 
methods described include the precipitation from zirconium salts, doping with rare earth 
ions or transition metals, hydrolysis of zirconium alkoxides or so-called ‘sol-gel method’, 
surfactant-assisted syntheses, and grafting on support. Precipitation from zirconium salts 
is the most economical route compared to the use of zirconium alkoxides or templating 
surfactants. It is typically prepared by precipitation of the zirconium salt solution (nitrate 
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or chloride) with the addition of a base. The precipitate is then filtered, washed, dried and 
calcined. The surface area of calcined zirconia ranged from 30 – 60 m2/g, depending on 
the calcination temperature and time.  
 
Chuah et al [30-32] found that digestion of hydrous zirconia at a basic pH led to a 
significant improvement in the surface area and at the same time, excellent thermal 
stability was observed. Digestion is thus a key factor in enhancing the surface area of 
zirconia. In most of the cases, digestion leads to higher surface area, with or without 
dopants addition. Chuah et al [30] showed that the digestion time and temperature is 
crucial in obtaining zirconia with high surface area. The digestion should be conducted in 
a Teflon round bottom flask in order to avoid the dissolution of silica from the glass 
vessel when digestion is done in alkaline solutions. It was pointed out by Sato et al [33] 
that the silica can re-deposit on the zirconia precipitate during the digestion process. 
Silica as foreign atoms can stabilize the surface area during calcination by preventing the 
diffusion of zirconium atoms leading to the growth of crystallites.  
 
Another way to enhance the thermal stability is to add dopants to the zirconia framework. 
The addition of silicon, magnesium, lanthanum, yttrium or sulfate ions resulted in larger 
surface area and better thermal stability. For example, high surface area SiO2-ZrO2 was 
prepared by deposition of silicate species on zirconia under hydrothermal conditions in 
aqueous ammonia solution [33]. A fresh precipitate of ZrO(OH)2 was heated in a pressure 
vessel with several pieces of quartz glass tube as silica source at 100 °C. The silica 
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content increased with increasing hydrothermal period. The resulting SiO2-ZrO2 had a 
specific surface area higher than 240 m2/g even after calcination at 500 °C.   
Incorporation of yttrium, aluminium and nickel into the hydrous oxide using dry 
impregnation was reported by Duchet et al [34] in stabilizing the surface area of zirconia. 
Undoped zirconia with a surface area of 126 m2/g was obtained, after calcination for 2 h 
at 500 °C, decreasing to 60 m2/g when further calcined at 700 °C. However, for doped 
samples, a higher surface area (~ 160 m2/g) was gained after calcination at 500 °C and a 
surface area of 120 m2/g could be maintained even when heating to 700 °C. It was found 
that both 1 wt. % aluminium and 6.6 wt. % yttrium were more effective as a stabilizer 
than nickel. Zirconia with a surface area of 58 m2/g was made by incorporating 
5.4 mol % La3+ [35]. Chuah et al [30] reported that the incorporation of 3.5 wt. % La2O3 
into zirconia improved the thermal stability, and the sample still had 20 m2/g even after 
heating at 900 °C. Franklin et al [11] reported both silica and lanthana additives are 
effective in increasing the surface area of zirconia by a factor of about three. Doping 
zirconia with SiO2 or La2O3 results in significant stabilization of the surface area, with 
values of 70 - 85 m2/g obtained after calcination at 700 °C. Moles et al [36] also reported 
the stabilization of the zirconia by doping with silica, calcium oxide, lanthanum oxide 
and alumina. In fact, silica-doped zirconia obtained from various co-precipitation 
techniques have been reported [37-42]. 
 
Besides cations, anions also helped in stabilizing the surface area. The role of anions 
(bicarbonates and sulfates) was studied by Norman et al [43]. The sulfate-treated zirconia 
had much higher surface area compared to the bicarbonate-treated zirconia. Sulfated 
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zirconia has been reported to have a higher surface area than the untreated material [44]. 
Moreover, the sulfate ion was found to stabilize the tetragonal phase of zirconia. The 
surface area was further enhanced by digestion after the dopant addition. Risch and Wolf 
[45] have reported an improvement in the surface area of sulfated zirconia after digestion 
at 90 °C for 20 hours. Afanasiev et al [46] used a molten salt method to prepare high 
surface area zirconia doped with sulfate and molybdate ions. Undoped zirconia with a 
surface area of 112 m2/g was obtained after calcination for 2 h at 500 °C and this 
increased to ~160 m2/g when modified with dopants. However, it should be noted that 2 h 
calcination time is too short for a stable surface area. 
 
High surface area zirconia can also be obtained by sol-gel methods. Chuah et al [47] 
prepared hydrous zirconia by the hydrolysis of zirconium propoxide at different pH. The 
zirconia formed after digestion in acidic medium had lower surface areas of <100 m2/g, 
whereas digestion at pH 9 led to a surface area of 380 m2/g  after calcining at 500 °C for 
12 h. The surface area of zirconia increased with digestion time and with the 
water/alkoxide ratio. A water/alkoxide ratio of 32 and a digestion time of 192 h appear to 
be optimal in attaining high surface area zirconia. Inoue et al [48] reported surface areas 
of 90 – 160 m2/g for zirconia calcined at 500 °C for 1 h. The zirconia was prepared from 
zirconium alkoxides in organic solvents like glycols and toluene under hydrothermal 
conditions.  
 
Likewise, high surface area of zirconia aerogels were prepared by the sol-gel method 
using zirconium n-propoxide in n-propanol followed by supercritical drying with carbon 
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dioxide [49]. By optimizing the water and nitric acid amounts, i.e., a water/alkoxide mole 
ratio of 2 and an acid/alkoxide mole ratio of 0.761, a surface area of 130 m2/g after 
calcination at 500 ºC for 2 h can be attained. Davies et al [50] reported that the surface 
area increased with the water-alkoxide mole ratio. A mole ratio of 16 gave samples with 
surface areas of 70 m2/g after calcination at 450 °C for 5 h, whereas samples formed 
using a water-alkoxide ratio of 2 had a low surface area of only 10 m2/g.  
 
Other factors such as the pH at precipitation, use of different bases, temperature and 
length of digestion, concentration of precursor solution and so forth were also found to 
affect the surface area. For example, Stichert and Schüth [51] reported that the 
concentration of the zirconyl chloride solution could affect the surface area. More dilute 
solutions will form smaller crystallites and thereby producing higher surface area of 
materials. The temperature, length of digestion as well as order of addition of the 
reactants were also found to affect the surface area [30]. Digestion at 100 °C and for 96 h 
led to high surface area zirconia. The zirconia made by the addition of zirconium salt 
solution to the base solution had a higher surface area than that made by the addition of 
the base to the aqueous zirconium salt solution.   
 
Isolating the precipitate by centrifugation instead of filtration led to smaller losses of fine 
particles, hence, a higher surface area was obtained [52]. The type of rinsing solution 
(water or ammonium hydroxide) and aging of the precipitate (un-aged, aged in mother 
liquor or ethanol) were also studied. The authors concluded that aging the precipitate in 
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the mother liquor, rinsing it with ammonium hydroxide followed by centrifugation could 
produce the solids with the highest surface area (112 m2/g).  
 
Chuah and Jaenicke [31] studied the effect of different bases and showed that using 
NaOH instead of KOH led to higher surface area of zirconium oxide. Later, a comparison 
of the different bases (NH4+, K+ and Na+) for precipitation was studied by Chuah [53] at 
pH values of 8, 9.5, 11 and 12. At constant ionic strength, the surface area of the resulting 
zirconia increased in the order of NH4OH < KOH < NaOH. The pH can influence the 
uptake of cations and the solubility of the hydrous zirconia, consequently affecting the 
surface area and crystal phase of the resulting zirconia. The surface area increased with 
increase of pH between 8 and 11. At pH 12 and above, there was a decrease in the surface 
area for longer-digested samples due to the formation of the thermodynamically stable 
monoclinic phase, which formed bigger crystallites.  
 
The use of surfactants or copolymer has resulted in well-ordered porous materials with a 
narrow pore size distribution. For example, thermally stable large-pore mesoporous 
zirconia with a narrow pore size distribution, high BET surface area and high porosity 
has been successfully synthesized by using a novel poly{(1,2-butadiene)-block-ethylene 
oxide}(PB-PEO) block copolymer as the structure-directing agent through the 
evaporation-induced self-assembly (EISA) approach [54]. The formation of this 
mesoporous zirconia was touted as having promising applications for the sorption, 
transport, and separation of large-molecules. 
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Kim et al [55] used an amphoteric surfactant, cocamidopropyl betaine, as template for the 
synthesis of mesoporous zirconia. ZrOCl2 was used as zirconia source at a Zr:S ratio of 
1:0.8. The resulting zirconia had a surface area of 130 m2/g after calcining at 350 ºC. 
Further heating at 450 ºC led to a decrease in surface area to 40 m2/g. 
 
Another route to produce high surface area zirconia is grafting of zirconium alkoxides 
onto high surface area supports such as MCM-48 [56], carbon nanotube [57] and SBA-15 
[58]. Besides grafting, coating is another way to produce high surface area zirconia. 
Monodisperse zirconia-coated silica spheres and zirconia/silica hollow spheres were 
synthesized by a series of steps: (1) preparation of monodisperse silica spheres (2) 
coating the spheres with hydrated zirconia (3) aging the composites (4) calcination of the 
composite at 900 ºC and (5) leaching of the silica with NaOH solution [59]. The resulting 
zirconia shell had a surface area of approximately 300 m2/g. Ozawa and Kimura [60], 
studied the impregnation of active carbon made from coconut char with aqueous zirconyl 
nitrate, resulting in a zirconia with high surface area of 2400 m2/g. Following calcination 
at 550 °C for 4 h forms the pure tetragonal phase of zirconia with a surface area of 150 
m2/g. 
 
1.4 Acid and Basic Properties 
According to Tanabe [61], the acid strength of a solid acid is defined as the ability of the 
surface to convert an adsorbed neutral base into its conjugate acid and is expressed by the 
Hammett acidity function Ho [62]. If the reaction proceeds by means of proton transfer 
from the solid surface to the adsorbate, Ho is expressed by  
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Ho = pKa + log [B]/[BH+],        (1-1) 
where [B] and [BH+] are the concentrations of the neutral base (basic indicator) and its 
conjugate acid, respectively, and pKa is pKBH+.  
 
If the reaction takes place by means of electron pair transfer from the adsorbate to the 
surface, Ho is given by 
Ho = pKa + log [B]/[AB],        (1-2) 
where [AB] is the concentration of the neutral base. 
 
The amount of acid on the surface or the acidity is measured by the amount of a base 
reacting with the solid acid and is usually expressed as the number or mmol of acid sites 
per unit weight or per unit surface area of the solid. Common methods used for the 
determination of acid strength and amount of a solid acid are amine titration method 
using indicators, gaseous base adsorption method and also estimation by test reaction. 
 
The relative acid strength can be determined by observing the colour change of suitable 
indicators that adsorb on a solid acid surface. The determination is made by adding few 
drops of indicator solution to a suspension of the catalyst in a non-polar solvent. If the 
colour is that of the acid form of the indicator, then the acidic strength Ho of the 
investigated surface is less than or equal to the pKa of the conjugate acid of the indicator.   
The amount of a solid acid can then be measured by amine titration after determining the 
acid strength. Typically, a suspension of catalyst in benzene is titrated with n-butylamine 
using p-dimethylaminoazobenzene as indicator. The indicator will change its colour from 
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yellow to red when adsorbed on the solid acid. The volume of n-butylamine used to 
restore the yellow colour is proportional to the number of acid sites on the surface. 
 
The adsorption of gaseous bases is widely used for determination of the acidity of solid 
surfaces. Ammonia, n-butylamine and pyridine have been extensively used for the 
determination of acid strength and amount of solid acid [63]. The procedure of 
measurement which is called temperature programmed desorption (TPD) is outlined in 
Chapter 2 (2.2.3). When gaseous base is adsorbed onto stronger acid sites of the surface, 
it will be hardly evacuated at elevated temperature. The proportion of adsorbed base 
evacuated at different temperatures is a measure of acid strength while the amount of acid 
sites is measured by the amount of a gaseous base chemisorbed on the solid acid surface.   
 
Test reactions have been used to estimate the acidity and acid strength of catalysts. 
Catalytic activity for the dehydration of 2-propanol or the isomerisation of butene over 
oxidation catalysts in the presence of excess air is a good measurement of acidity for 
catalysts with small surface area and that face difficulties when using gas adsorption 
method [64, 65]. There are fairly good correlations between the acidity measured by 
adsorption of ammonia or pyridine and the activity of 2-propanol dehydration and 1-
butene isomerisation [65].   
 
On the other hand, the basic strength of a solid surface is defined as the ability of the 
surface to convert an adsorbed electrically neutral acid into its conjugate base [61]. The 
amount of base on the surface or basicity is measured by the amount of acid that reacts 
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with the basic sites and is usually expressed as the number or mmol of basic sites per unit 
weight or per unit surface area of the solid. Similarly to acid property determination, 
common methods that are used for the determination of basic strength and concentration 
are benzoic acid titration method using indicators, gaseous acid adsorption method and 
also estimation by test reaction. 
 
The basic strength can be determined by observing the colour change of the acid indicator 
to that of its conjugate base when it adsorbs on a solid base surface. The strength of the 
basic sites, H_ is given by the equation, 
H_ = pKa ( = pKBH) + log [B-]/[BH],      (1-3) 
where pKa is the pKa  value of the indicator BH, [BH] is the concentration of the acidic 
form of the indicator and [B-] is the concentration of the basic form. 
 
The number of basic sites of different strengths can be evaluated by titration of a solid 
suspension in benzene in the presence of a Hammett indicator (BH) with benzoic acid 
dissolved in benzene. The indicator is adsorbed on the catalyst in its conjugated base 
form (B_) and is titrated with the benzoic acid. The amount required is a measure of the 
number of sites that have a basic strength corresponding to the pKa value of the indicator. 
 
The adsorption of gaseous acid is similar to the gaseous base adsorption method except 
different in adsorbate. This method is widely used for the determination of basicity of 
solid surfaces. Acidic molecules such as carbon dioxide, nitric oxide and phenol vapour 
are commonly used as adsorbate.  
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Test reactions have been used to estimate the basicity of catalysts. For example, 2-
propanol undergoes dehydration to give propene and its activity (rp) is proportional to the 
acidic sites of a catalyst. 
rp = k . acidity          (1-4) 
 
In contrast, the catalytic activity for dehydrogenation of 2-propanol to acetone (ra) via a 
concerted mechanism is assumed to be proportional to the acidic and basic sites of a 
catalyst. 
ra = k’ . acidity . basicity        (1-5) 
 
Derivation from equations (1-4) and (1-5) gives the following equation, 
Basicity = k” . ra/rp         (1-6) 
where k, k’ and k” are constants. 
 
Hence, the basicity of a catalyst can be measured from ra/rp and it is also found to be 
correlated to the amount of carbon dioxide adsorbed [65].   
 
1.5 Decomposition of 2-Propanol 
The predominant route for phenol preparation is via cumene hydroperoxide 
rearrangement. There are three steps involved in this route - cumene formation from 
benzene and propene, cumene oxidation to cumene hydroperoxide, and decomposition of 
the cumene peroxide in the presence of acid catalyst to form phenol and acetone (Scheme 
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1-1). This route is a cost efficient method for phenol preparation provided the demands 
for phenol and acetone are the same.  
 
Acetone is very useful as a starting material for methyl methacrylate production. 
However, as the starting material for methyl methacrylate preparation is switched to the 
use of compounds having 4 carbon atoms, the demand for acetone has decreased in recent 
years. The lower market demand for acetone as compared that to phenol is a serious 
problem [66, 67]. There is a need to consider making efficient use of acetone by reducing 
it to 2-propanol and dehydrating the latter to form propene. However, it is more common 
to prepare 2-propanol from propene, than is vice-versa, propene from 2-propanol. Hence, 
it is an essential to formulate a good catalyst to convert the acetone formed as a by-
product in phenol preparation. Propene is used as a starting material for various organic 



















Scheme 1-1 Formation of phenol from cumene process and possible recycling of acetone 
to propene.  
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The dehydration of alcohols is known to occur over strong acids. For example, solid acid 
catalysts such as alumina, silica, silica-alumina, zeolites and solid phosphoric acid can be 
used in the preparation of ethene through dehydration of ethanol [68]. It is also claimed 
that porous γ-alumina with a mean pore diameter of 3 to 15 nm is an effective catalyst in 
the dehydration of 2-propanol to propene [69]. 
 
The decomposition of 2-propanol also been long considered as a chemical probe for 
surface acid-base properties. It is well known that there are good correlations between the 
acidic properties and the activity of catalysts for many acid-catalyzed reactions [61]. The 
dehydration reaction is proportional to the acidity of a catalyst while the dehydrogenation 
of 2-propanol to acetone involves both acidic and basic sites. The decomposition of 2-
propanol over metal oxides have been extensively studied over the years. Ai and Suzuki 
[64] were the first to correlate acidic and basic properties of metal oxide catalysts to their 
rates of dehydration and dehydrogenation of 2-propanol. They found that the acidity and 
activity of MoO3-P2O5 catalysts increases with an increase in the P2O5 content and attains 
a maximum at about P/Mo = 0.1. For the dehydration of 2-propanol, one of the most 
studied oxides is TiO2, while other metal oxides such as Al2O3, CeO2, N2O5, ZrO2, Y2O3 
and also composite oxides, have been reported. Radwan et al [70] studied the conversion 
of 2-propanol over TiO2 and MoO3- and CeO2-doped NiO/TiO2 calcined at 300 and 500 
ºC. All investigated solids showed different catalytic activities depending on the catalyst 
composition, nature and concentration of dopant added and the calcination temperatures 
of these solids. The solids were selective to propene. Small amounts of acetone were 
produced via dehydrogenation of the alcohol at reaction temperatures below 250 ºC. The 
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introduction of MoO3 and CeO2 resulted in a considerable increase in the catalytic 
activity. The increase more pronounced in the case of MoO3-doping. Haffad et al [71] 
compared the catalytic activity towards 2-propanol dehydration and dehydrogenation 
over three metal oxides: TiO2 (anatase), ZrO2 and CeO2 in helium, hydrogen and air flow.  
In helium and hydrogen, temperature increase always favours propene formation over all 
metal oxides. The selectivity to propene and acetone over ZrO2 at 200 ºC and in helium 
flow was about 75 % and 25 %, respectively. When the reaction temperature was 
increased to 250 ºC, the selectivity to propene and acetone was about 93.5 % and 5 %, 
respectively. Traces of isopropyl ether (~ 1.5 %) were detected. Propene is the only 
product formed at 325 ºC. In air, the three metal oxides were more active and their 
selectivity in acetone was predominant, even at higher reaction temperature. Hussein and 
Gates [72] studied the surface and catalytic properties of Y2O3 catalysts generated from 
different inorganic precursors. The precursors were acetate (Ac), nitrate (Nit) and oxalate 
(Ox). The temperature applied in the precursor decomposition was 500 or 700 °C. For 
example, YAc700 refers to Y2O3 formed by decomposition of yttrium acetate at 700 °C 
for 1 h in static air. The order of the acidity strength was YAc700 > YNit500 > 
YOx700 > YNit700. For all the catalysts, acetone formation was predominant at lower 
temperature while propene was found to be the major product when the reaction 
temperature was greater than 300 ºC. Acetone first appeared at 150 ºC, increased in 
amount to a maximum 300 ºC and remained up to 400 ºC; In contrast, propene was first 
observed at 300 ºC. The conversion of 2-propanol was small below 150 ºC and increased 
sharply as the temperature approached 200 ºC. Acetone and propene were detected 
simultaneously at ~ 200 ºC. The rate of alcohol decomposition appeared to maximize at ~ 
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250 ºC for YAc700 and YNit500, and at ~ 275ºC for YOx700 and YNit700. No more 
alcohol was detected by ~ 350 ºC. YAc700 has a higher activity and selectivity (~ 90 % 
at 300 ºC) for the propene formation in comparison to the other catalysts, most probably 
due to the higher surface acidity (Brönsted acid sites). In contrast, YNit700 which 
contains higher surface basicity, appeared to have a higher activity and selectivity for the 
dehydrogenation reaction (65 % at ~ 300 ºC) (acetone formation). Another work by 
Turek et al [73] studied the influence of the type and strength of acid centres of the 
catalyst on the conversion of 2-propanol. The activity of catalysts (ZrO2, γ-Al2O3 and 
heteropolyacids) suggests that the temperature of dehydration to propene can be an 
indicator of the type of acid centres on the catalyst surface. In their studies, the selectivity 
to propene over ZrO2 was 67.1 % and 76.1 % at 207 ºC and 227 ºC, respectively. 
Aramendίa et al [74] compared the activity of two ZrO2-based catalysts in the 
dehydration of 2-propanol and found that their results agree with the assumption that 
surface acidity is responsible for dehydration. Han et al [75] studied a series of TiO2-
ZrO2 composite oxides on the catalytic conversion of 2-propanol. With an increase in the 
amount of titania, the number of basic sites on the surface of composite oxides decreased. 
In the absence of O2, the selectivity for propene exceeded 90 % for all these catalysts, 
revealing that the samples had strong surface acidity. A 75 % TiO2 - 25 % ZrO2 showed 





Despite the many studies, the actual reaction mechanism for the conversion of 2-propanol 
is still not clear [74], although some of the proposed mechanisms account for both the 
dehydrogenation and dehydration processes [76-81]. Basically there are three 
mechanisms that are usually discussed in dehydration: E1, E2 and E1cB. These three 
mechanisms are quite similar; the difference is only the order that the leaving group (OH- 
or proton) departs. The E1 mechanism normally occurs without a base. It is a two-step 
process, where the OH group is abstracted in the first step, followed by the formation of a 
carbocation as intermediate that rapidly loses a β proton (Scheme 1-2). A concerted 
process is observed in the E2 mechanism, where the two bonds are cleaved in one step. 
Both the leaving group (OH- and the proton) depart simultaneously, with the proton being 
abstracted by a base. Another possibility is E1cB mechanism which is a two-step process. 
The proton leaves first and followed by the OH-, with the formation of carbanion (enolate 
ion) as intermediate.  
 
For dehydrogenation, the alcohol molecule interact with the basic site and a proton is 
abstracted from the alcoholic group, thus causing an adsorbed alkoxide species. 
Subsequently, the abstraction of a hydride from the alkoxide carbon atom will lead to the 

























Scheme 1-2 Mechanism for dehydration of 2-propanol to propene and dehydrogenation 
to acetone. 
 
As depicted in Scheme 1-2, propene can be formed via any of the three mechanisms, but 
acetone is formed via the E1cB. The E1 mechanism is postulated to occur over catalysts 
that have a large number of acid sites [74]. Due to the amphoteric character of zirconia, 
the dehydration can occur via a concerted E2 mechanism. The simultaneous interaction 
of an acid-base couple on the oxide with the -OH and proton of the methyl group in 2-
propanol would cause propene to be formed.  
 
Another mechanism for decomposition of 2-propanol was proposed by Hussein and 
Gates [72]. 2-Propanol dissociates to give the 2-propoxide species and surface hydroxyls. 
At high temperatures, these hydroxyl species desorb as water upon heating while the 
surface 2-propoxide species undergo further C–H bond cleavage to give acetone. Over 
the metal oxide catalysts, the surface 2-propoxide species can be either terminally bonded 
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to a single cation or bridge-bonded to two cations. The authors propose that the bridge- 
bonded species yields propene and the terminal species gives acetone. The surface 
reactions to acetone and propene are shown below: 
 
(CH3)2CHOH + Mn+ (s) + O2- (s)  → (CH3)2CHO− · · ·Mn+ (s) + OH−(s)   (1-7) 
 
 (CH3)2CHO− · · ·Mn+ (s) + OH−(s) → (CH3)2C=O + H2 + O2− (s) +Mn+ (s)   (1-8) 
 
O2− · · ·HCH2–(CH3)CH–HO · · ·Mn+ (s) → CH3CH=CH2 +Mn+–OH(s) + HO−(s)  (1-9) 
 
where Mn+ is the positive metal cation to which the surface 2-propoxide species is bonded. 
 
 
1.6 Decomposition of 4-Methyl-2-Pentanol 
Terminal olefins are very useful in the industry as raw materials for heat-resistant 
polymers, co-monomers for polyolefins, starting materials for producing detergents, etc 
[82]. Solid acid catalysts such as alumina give mainly the internal olefins which are 
undesirable [83], therefore much work have been done to attain high selectivity to 
terminal olefins.  
 
The decomposition of secondary alcohols over metal oxides has been widely investigated 
[84, 85]. Thoria [86, 87] and other actinide or lanthanide oxides [88] were reported to 
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have high selectivity to 1-alkene. High selectivity to 1-alkene has also been reported over 
the oxides of group 3, 4, and 13 elements [89].  
 
The conversion of 4-methyl-2-pentanol to 4-methyl-1-pentene is of industrial importance 
in the manufacture of thermoplastic polymers. Besides the desired 4-methyl-1-pentene, 
the dehydration reaction leads to the formation of 4-methyl-2-pentene, as well as other 
skeletal isomers of C6-alkenes (Scheme 1-3). In addition, dehydrogenation to 4-methyl-
2-pentanone can also occur. Very high selectivity to 4-methyl-1-pentene has been 
claimed over zirconia and alkali treated zirconia [16, 82, 90]. Fine tuning of the acid-base 
properties of the catalysts is essential to obtain the high selectivity towards the formation 
of 1-alkene. As zirconia is known to have both acidic and basic sites [5], its acidic sites 
need to be limited in order to produce 4-methyl-1-pentene. Thus, the products of 4-
methyl-2-pentanol conversion provides an assessment of the relative acid-base properties 










Scheme 1-3 Possible products formed in the decomposition of 4-methyl-2-pentanol. 
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Similar to the decomposition of 2-propanol, three mechanism have been proposed for the 
decomposition of 4-methyl-2-pentanol, E1, E2 and E1cB (Scheme 1-4) [92]. The number 
of acid and basic sites on the catalyst surface governs which mechanism will occur. 
When the number of the acid sites is higher than the basic sites, E1 mechanism (Saytzeff 
orientation) will occur, forming the undesired 2-alkene as predominant product. In 
addition, skeletal isomerisation can occur on the most acidic sites. When the number of 
acid and basic sites is comparable, a two-point adsorption of the reactant alcohol occurs: 
where the acid centre interacts with the OH group of the alcohol while the base site 
interacts with the most acidic hydrogen of the terminal methyl group. In this case, the 
mechanism is subjected to the relative strength of the acid and base sites. If both acid and 
base sites are comparable in strength, a concerted E2 mechanism takes place, without the 
formation of an intermediate carbanion, leading preferentially to the 2-alkene formation 
(Saytzeff orientation). On the other hand, when the basic sites are stronger than acid sites, 
either an E2 mechanism with a carbanion-like transition state occurs or E1cB mechanism 
sets in with rupture of the C-H bond of the methyl group and giving carbanion species, 
both leading to the preferential formation of 1-alkene (Hofmann orientation).  
 
Formation of ketone through the dehydrogenation pathway occurs when the number of 
basic sites is significantly higher than the acid sites. This involves the adsorption of the 
alcohol molecule on the catalyst surface, through the formation of a hydrogen bond 
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Scheme 1-4 Mechanism for decomposition of 4-methyl-2-pentanol to various products. 
B: Basic sites, A: Acid sites. 
 
1.7 Aim of Project 
In this study, the preparation of high surface area zirconia was attempted by digestion, 
modification with alkali doping, and doping with Si. The presence of Si significantly 
changes the intrinsic acid-base properties of zirconia. Therefore, it is necessary to 
chemically modify the surface so that the same chemical properties as pure zirconia can 
be obtained. In order to determine the surface area and porosity of the material, nitrogen 
adsorption studies are carried out. The crystalline phase is investigated by powder x-ray 
diffraction. The acidity of the samples is assessed by ammonia TPD and by the 
decomposition of 2-propanol. After doping, the acid and base properties were 
investigated by temperature programmed desorption of NH3 and CO2. As a test of the 
intrinsic chemical property, the decomposition of 4-methyl-2-pentanol was investigated. 
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Both dehydration and dehydrogenation can take place over the catalyst. It has been 
observed that zirconia catalyses the formation of 4-methyl-1-pentene with high selectivity. 
In general, internal alkenes are preferentially formed over many catalysts. As the 1-
alkene is a useful monomer, the preparation of high surface area zirconia will be useful 
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2.1 Preparation of Catalysts 
2.1.1 Synthesis of Zirconia 
Zirconium hydroxide was prepared by aqueous precipitation of zirconium chloride 
(Merck, >98 %) with ammonium hydroxide (Merck, 25 %) [1]. To prepare 10 g of 
zirconia sample, 20 g of zirconium chloride was dissolved in 180 mL deionized water (10 
% ZrCl4 solution). It was then added dropwise by a peristaltic pump into 150 mL of 5 M 
ammonia solution with vigorous stirring. A 2-times excess of ammonia was used. After 
precipitation, the pH of the resulting solution was adjusted to around 9.5 with 
concentrated ammonia solution. A portion was removed and designated as the ‘fresh’ or 
0-hour sample. It was aged at room temperature overnight. The remaining solution was 
digested at 100 ºC in a Teflon round-bottomed flask. Aliquots were removed after 1, 2, 4 
and 8 days. After filtration, the sample was washed with dilute ammonium nitrate 
solution until the filtrate was free of chloride ions (silver nitrate test). The sample was 
dried overnight in an oven and calcined at 500 ºC for 12 h. A heating rate of 5 ºC/min 
was used to reach the final temperature.    
 
2.1.2 Synthesis of Silica-Zirconia 
Zirconium hydroxide was prepared as above and the pH of the solution was adjusted to 
9.5. Tetraethoxysilane, or TEOS (Fluka, 99.0 %) was added to the suspension to obtain 2 
wt. % Si. A portion was removed to serve as the ‘0-hour’ sample and the remaining 
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suspension was digested at 100 ºC. Aliquots were removed after 1, 2, 4 and 8 days and 
the suspension was filtered, washed, dried overnight at 100 ºC, and calcined at 500 ºC for 
12 h. The procedure was repeated to obtain 4, 6, 8, 15 and 20 wt. % Si. To prepare 10 g 
of samples, the amounts of TEOS added to the suspension are as follows:  








2.1.3 Modification of Zirconia and Silica-Zirconia by Alkali Doping 
Alkali-doped zirconia was prepared by treatment of dried 2-day digested hydrous 
zirconia with alkali solution (NaOH, KOH and CsOH). 1 g of hydrous zirconia was 
stirred in 20 mL of alkali solution with different concentrations (0.5, 1.0, 1.5, 2.0, 4.0, 6.0, 
8.0 and 20.0 wt. % solution) for 20 h, followed by filtering and washing of the residue. 
The obtained solid was then dried overnight at 100 ºC and calcined at 500 ºC for 12 h. 
The same alkali doping procedure was also applied on 2-day digested dried hydrous 
silica-zirconia samples of 4, 8, and 15 wt. % Si. To test the effect of washing, different 
washing volumes (150 mL, 500 mL and 1000 mL) was applied to 2 wt. % Na-doped on 4 
wt. % Si-ZrO2 and 500 mL of washing was found to be the optimum volume (Fig. 4-21). 
Hence all the alkali-doped catalysts were washed with 500 mL deionized water. 
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2.1.4 Grafting of Zirconium 1-Propoxide onto Silica-Zirconia Catalyst 
The grafting of zirconium 1-propoxide (Fluka, 70 % in isopropanol) onto silica-zirconia 
sample was carried out as follows. Firstly, a 4 wt. % Si-ZrO2 (1.0 g) was dried at 300 ºC 
for 4 h before cooling down to 100 ºC. It was then added to a solution of 1.34 mL 
zirconium 1-propoxide in dry hexane (30 mL). The amount of zirconium 1-propoxide 
used was calculated based on the density of surface sites (1x1019 sites/m2). The 
suspension was then digested at 69 ºC for 12 h, filtered and washed with dry hexane to 
remove any unreacted precursor. It was then transferred to a vacuum desiccator and dried 
under vacuum for 6 h. After drying, the sample was calcined at 500 ºC for 12 h. The same 
procedure was repeated to make a bilayer zirconia grafted sample by grafting a second 
layer of zirconium 1-propoxide onto the monolayer sample.  
 
2.2 Characterization of Catalysts 
Powder X-ray diffraction (XRD), N2 porosimetry, temperature programmed desorption 
(TPD) and inductively coupled plasma-atomic emission spectrometry (ICP-AES) were 
used for characterizing the samples. 
 
      2.2.1 Powder X-ray Diffraction (XRD) 
Powder X-ray diffraction (XRD) is frequently used for identifying the crystalline phase 
and estimating crystallite size of the material [2]. According to Bragg’s law (Eq. 2-1), the 
angle of diffraction, θ, is related to the interplanar distance between a set of atomic planes, 
dhkl, by                                   
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 nλ = 2dhkl sin θ                                                      (2-1) 
where n is an integer and λ is the wavelength of the X-rays. 
 
This diffraction pattern is used for identifying the crystalline phase and measuring the 
size and lattice spacing of the crystallites. Crystallites phases of the unknown samples can 
be identified by comparing the X-ray diffraction pattern with known patterns of metals 
and oxides (the International Centre for Diffraction Data, ICDD database, lists 
approximately 100000 diffraction patterns of solids). Noncrystalline catalysts, will show 
either broad and weak diffraction lines, or even no diffraction at all.  
     
 
Fig. 2-1 Reflection of X-rays from two planes of atoms in a solid. 
 
In this work, the crystallinity and phase purity of the samples were determined with a 
Siemens D5005 powder x-ray diffractometer equipped with a Cu anode and variable slits. 
The XRD patterns were recorded from 25° to 80° (2θ) with a step size of 0.02° and a 
dwell time of 1 s/step.  
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The ratio of tetragonal to monoclinic phase present in the zirconia-based samples was 
estimated by comparing the areas of the monoclinic phase (2θ = 28.5º and 31.6º for the 
(111) and (111) planes respectively) and the tetragonal phase (2θ = 30.4º for the (111) 
plane). The peaks were fitted using the pseudo-Voigt curve. The composition of each 
phase can be then calculated. 
 
















The crystallite size can be calculated by using the Debye-Scherrer equation. 




kD =  , 22 bB −=β                           (2-2) 
where D is the crystallite size, k is a Scherrer constant (= 0.9), λ is the wavelength of the 
Cu Kα radiation (= 1.5415 Å), θ is the Bragg diffraction angle, β is the corrected peak 
width in radians, B is the observed peak width in radians and b is the instrumental 
broadening (= 0.001152 rad).  
 
2.2.2 Nitrogen Sorption 
The nitrogen sorption technique is widely used for measuring the specific surface area, 
pore volume and pore size distribution of solid materials. The total surface area of a solid 
is related to the volume of physical adsorption of nitrogen on this surface at 77 K at a 
given pressure. The multilayer adsorption is typically described by the Brunauer-Emmett-
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Teller equation (BET). According to the BET model, the first layer of gas molecules is 
adsorbed more strongly than the subsequent layers, and the heat of adsorption of 
subsequent layers is constant. Secondly, lateral interaction between adsorbed molecules is 
absent. Thirdly, the Langmuir theory of monolayer adsorption can be applied to each 
layer. An adsorption isotherm is a graph which shows how the amount adsorbed depends 
on the equilibrium pressure of the gas, at constant temperature. From the adsorption 
isotherm, a value corresponding to the volume of the adsorbed monolayer is calculated. 















            (2-3) 
where P0 is the saturation pressure or the vapor pressure of the liquefied gas at the 
adsorbing temperature, V is the volume (at standard temperature and pressure, STP) of 
the gas adsorbed at pressure P, Vm is the volume of the gas (at STP) required to form an 
adsorbed monomolecular layer, and C is a constant related to the energy of adsorption. 
Knowing the surface area of one molecule adsorbed at the monolayer, the total surface 
area can be calculated.  
 
The surface area of the samples was determined with a Micromeritics Tristar 3000. The 
solid samples were first degassed at 300 °C in a flow of nitrogen for at least 4 h prior to 
measurements in order to remove any adsorbed moisture. About 30 mg of samples were 





2.2.3 Temperature-Programmed Desorption (TPD) 
The temperature-programmed desorption technique consists of heating a sample at a 
constant rate and measuring the quantity of material desorbed at each temperature. 
Temperature programmed desorption was developed in 1963 by Canadian researchers 
Amenomiya and Cvetanovic [4] and is one of the most straightforward characterization in 
the study of heterogeneous catalysts [5]. The temperature of desorption of an adsorbed 
base/acid can provide an insight into the relative acidity/ basicity of a solid catalyst.  
 
In a typical measurement, the sample (~ 0.3 g) is first pretreated at 550 °C for 2 h under a 
flow of helium. After this, the sample is cooled to 150 °C. Ammonia is introduced at 150 
°C for 15 minutes, after which helium is passed over the sample for 2 h to flush away any 
physically adsorbed ammonia. The temperature is then raised to 550 ºC using a constant 
heating rate of 10 °C/min. The ammonia desorbed is measured using an on-line mass 
spectrometer (Balzers Prisma 200). Calibration of the ammonia signal is carried out by 
injecting 500 μL pulse of ammonia into the system and measuring the area of the signal 
peak under the same conditions as the TPD measurement. For TPD-CO2, the procedure is 
same as TPD-NH3 except the adsorbate is CO2 instead of NH3. 
 
2.2.4 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 
Inductively coupled plasma (ICP) is a high energy source formed by argon gas flowing 
through a radiofrequency field that permits the ionization of most elements in the 
periodic table, both metals and non-metals. The plasma can reach very high temperatures 
of up to 10,000 K where most elements will emit light of characteristic wavelengths that 
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can be measured and used to determine the concentration. The coupling of ICP with 
atomic emission spectroscopy (ICP-AES) provides a reproducible and very accurate 
analysis for all types of samples [6]. Liquid samples are nebulized into an aerosol, in 
order to be introduced into the ICP.  The sample aerosol is then carried into the center of 
the plasma by the nebulizer argon flow. The plasma is viewed horizontally by an optical 
channel. Light emitted from the plasma is focused through a lens and passed through an 
entrance slit into the spectrometer.  
 
By using atomic emission spectrometry techniques, meaningful quantitative and 
qualitative information about a sample can be obtained. In general, quantitative 
information (concentration) is related to the amount of electromagnetic radiation that is 
emitted while qualitative information (elements present) is related to the wavelengths at 
which the radiation is emitted. Emission spectroscopy requires identification and 
selection of suitable analysis lines (wavelengths). Often, analysis lines of reasonable 
intensity and those with the least spectral interferences with the other elements present 
are chosen. ICP-AES usually gives linear calibration curves, thus making it possible to 
determine both high and (very) low concentrations. The average relative standard 
deviation for sample is usually about 1 to 10 %. The accuracy of the analysis can be 
optimized by using blank solutions with a similar matrix as the samples to be determined. 
The background correction will then produce good results. In term of sensitivity, ICP-
AES is generally comparable to flame atomic absorption spectrometry (AAS), i.e., 
detection limits are typically in ppb level.  
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ICP-AES analysis was performed to determine the composition of the catalysts. An 
Optima 5300 DV by Perkin Elmer was used. Before analysis, sample preparation was 
necessary to convert the solid catalyst to the solution form. For all the catalysts, 1 - 5 mg 
of the solid sample was weighed out using the microbalance, dissolved in a small amount 
of 40 % hydrofluoric acid (HF) and neutralization of the HF was done by adding excess 
boric acid (~ 1 g). The solution was then filtered and made up to 10 mL with ultra pure 
water.  
 
2.2.5 Gas Chromatography (GC) 
Gas Chromatography (GC) is used to separate volatile components of a mixture.  Like 
other forms of chromatography, it has both a mobile phase and a stationary phase [7]. 
Gas chromatography involves dissolving a sample in a mobile phase (carrier gas) and 
then forcing it through an immobile stationary phase (column filling). If the stationary 
phase is polar, the polar molecules in the mobile phase will be attracted to the stationary 
phase, taking longer time to travel towards the end of the column than a component 
which is not very polar or non-polar. As a result of these differences in mobilities, sample 
components will become separated from each other as they travel through the stationary 
phase. Since each type of molecule has a different rate of mobility, the various 
components of the analyte mixture can be separated as they travel along the column and 
reach the end of the column at different times (retention time). A detector, such as flame 
ionization detector (FID) which is commonly used to determine the hydrocarbon 
compounds, is used to monitor the outlet stream from the column. Generally, substances 
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are identified by the order in which they elute from the column and by the retention time 
of the analyte in the column. 
 
2.3 Catalytic Experiments 
2.3.1 Decomposition of 2-Propanol 
The reaction was carried out in a quartz micro reactor (i.d. 12 mm) with 0.1 g catalyst. 
The dried catalyst was first pelletized and sieved to have particle size between 425 – 600 
µm. The micro reactor was placed vertically inside a tubular furnace, which can be heated 
electrically. The temperature of the catalyst bed was measured by a thermocouple. Prior 
to the reaction, the catalyst was pretreated by heating it at 350 ºC for an hour under a 
stream of He (50 mL/min). The reactant, 2-propanol (Fluka, ≥ 99.8%) in helium (50 
mL/min) at atmospheric pressure, was passed through the catalyst bed by a bubbler. The 
temperature of the microreactor was raised from 75 ºC to 325 ºC. The effluents from the 
micro reactor were analyzed by an on-line gas chromatography (HP 5890, Porapak T 
packed column, FID). Separation of the reactants and products could be achieved by the 
following conditions: 100 ºC for 4 minutes, followed by a ramp at 20 ºC/min to 160 ºC 
and a constant temperature period of 13 minutes. In this study, the following GC 
conditions were used: injection temperature 120 ºC, detector temperature 200 ºC, aux 
temperature (valve) 120 ºC, EPP pressure 100 kPa. The retention time for 2-propanol: 
14.438 min; propene: 3.446 min; acetone: 13.062 min (Fig. 2-2). Products were verified 
with authentic samples and by GC-MS (Shimadzu GCMS-QP5000, DB5MS column). 
The conversion of 2-propanol was studied as a function of temperature (75 - 325 ºC) for a 




Fig. 2-2 Gas chromatogram for decomposition of 2-propanol over 15 wt. % Si-ZrO2.  
Reaction temperature: 175 ºC. 
 
2.3.2 Decomposition of 4-Methyl-2-Pentanol 
The reaction was also carried out in a quartz micro reactor with 0.1 g catalyst. The 
catalyst (sieved to 425 – 600 µm) was pretreated at 400 ºC for an hour in the microreactor 
under a stream of He (100 mL/min). The reactant, 4-methyl-2-pentanol (Fluka, ≥ 97 %) 
in helium (300 mL/min) at atmospheric pressure, was passed through the catalyst bed by 
a bubbler. The temperature of the microreactor was raised from 200 ºC to 400 ºC. The 
effluents from the flow reactor were analyzed by an on-line gas chromatography (HP 
5890, SP2100 packed column, FID). Separation of the reactants and products could be 
achieved by the following conditions: 35 ºC for 5 minutes before increasing to 160 ºC at a 
ramp at 10 ºC/min. In this study, the following GC conditions were used: injection 
temperature 120 ºC, detector temperature 200 ºC, aux temperature (valve) 120 ºC, EPP 
pressure 100 kPa. The retention time for 4-methyl-2-pentanol: 8.820 min; 4-methyl-1-
pentene: 2.573 min; 4-methyl-2-pentene: 2.836 min; 4-methyl-2-pentanone: 8.292 min; 





authentic samples and by GC-MS (Shimadzu GCMS-QP5000, DB5MS column). The 
conversion of 4-methyl-2-pentanol was studied as a function of temperature and flow rate 
for a number of the catalysts.  
 
 
Fig. 2-3 Gas chromatogram for decomposition of 4-methyl-2-pentanol over undigested 
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Results and Discussion 
 
3.1 Physical Properties of Pure Zirconia 
3.1.1 Surface Area and Pore Volume 
In this study, zirconia was formed from hydrous zirconia that had been subjected to 
digestion for various length of time. Previous studies by our group have shown that 
digestion of hydrous zirconia can increase the surface area of the resulting zirconia. The 
effect of alkali addition on the surface area and chemical properties was investigated. 
 
After calcination at 500 ºC for 12 h, the surface area of undigested zirconia was only 44.5 
m2/g but the 1-day digested zirconia had a surface area of 51.7 m2/g. With longer 
digestion, the surface area increased and the zirconia that had been digested for 8 days 
had a surface area of 64.7 m2/g (Table 3-1).  
 
Table 3-1 Effect of the digestion on the surface area and pore volume of zirconia.  
 
Samples Surface area (m2/g) Pore Volume (cm3/g) 
ZrO2-0 44.5 0.10 
ZrO2-1 51.7 0.35 
ZrO2-2 59.0 0.36 




Sample code: ZrO2-n where n = days of digestion. 
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The results show that digestion aided in the textural stabilization of zirconia. The 
improved properties can be attributed to a reduction in the number of defects responsible 
for grain growth, and to strengthening of the inter-particle network during the digestion 
process [1].  
 
The increase in surface area correlates with an increase in the porosity of the samples 
(Table 3-1). The pore volume increased from 0.10 cm3/g in the undigested zirconia to 
0.41 cm3/g for the 8-day digested zirconia. Fig. 3-1 shows the nitrogen 
adsorption/desorption curves and pore size distributions of zirconia samples. All the 
isotherms are type IV (Brunauer classification [2, 3]). The shape of the hysteresis loops 
resembled that of type A (following the classification of de Boer [4]), which suggests 
cylindrical shape for mesopores. Compared to undigested zirconia, the hysteresis loop for 
digested zirconia samples was at relatively higher pressures P/P0. The pore size 
distributions show that a shift to larger pore sizes for the longer-digested zirconia. The 
average pore diameter of undigested zirconia and 8-day digested zirconia were 7 nm and 























































































Fig. 3-1 Nitrogen adsorption/desorption curves and pore size distributions of zirconia 































































































3.1.2 XRD Measurements 
After calcination at 500 ºC for 12 h, zirconia crystallized in a mixture of monoclinic and 
tetragonal phase. The undigested zirconia was predominantly monoclinic (Fig. 3-2). The 
percentage of tetragonal phase increased from 2.7 % to 40 % after 8-day digestion (Table 
3-2). The crystallite size decreased with digestion. According to Garvie [5, 6] and Garvie 
and Goss [7], below 10 nm, the tetragonal phase has a lower surface free energy than the 





















Fig. 3-2 XRD patterns of the zirconia samples with different days of digestion. 
Calcination temperature: 500 ºC. Digestion time: (a) 0 day, (b) 1 day, (c) 2 days, (d) 4 
days and (e) 8 days. XRD measured at room temperature. M: Monoclinic; T: Tetragonal. 
 
After calcination to higher temperatures above 500 ºC, the tetragonal phase was 
transformed to the monoclinic form. For the undigested zirconia, no tetragonal phase was 
found after calcination temperature at 600 ºC (Fig. 3-3). For the 8-day digested sample, 
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the tetragonal phase decreased to 12 % and 3 % after calcination at 600 ºC and 700 ºC, 
respectively. By 900 ºC, only the monoclinic phase was present (Fig. 3-4).  
 
The crystallite size is smaller for the digested samples (Table 3-2). As a result, the 















































































Fig. 3-4 XRD patterns of the 8-day digested zirconia at different calcination temperature. 
 
 









Phase %  
Tetragonal 
Crystallite Size (nm) 
Tetragonal a Monoclinic b 
0 500  
 
M& T 2.7 17.8 15.0 
600 
 
M 0 - 20.3 
700 
 
M 0 - 20.9 
800 
 
M 0 - 25.8 
900 
 
M 0 - 30.8 
8 500 
 
M& T 40.0 13.9 13.8 
600 
 
M& T 12.1 18.1 18.8 
700 
 
M& T 3.49 31.4 21.7 
800  
 
M 0 - 24.6 
900 M 0 - 28.3 
 
M: Monoclinic phase; T: Tetragonal phase. 
a Calculated from the (111) peak. 




3.1.3 Thermal Stability of Undigested and Digested Zirconia 
The 8-day digested zirconia shows a higher thermal stability than the undigested zirconia 
(Fig. 3-5). After calcination at 900 ºC, its surface area was 23.3 m2/g while the undigested 
zirconia was only 11.4 m2/g. However, after calcination at 1050 ºC, the surface area of 

























Fig. 3-5 Surface area of undigested and 8-day digested zirconia versus calcination 
temperature. 
 
3.2 Chemical Properties of Pure Zirconia 
3.2.1 Ammonia-TPD  
The acidity of the samples was investigated by temperature-programmed desorption 
(TPD) of ammonia (Fig. 3-6). The temperature range over which NH3 desorbs gives an 
indication of the acidity of the sample while the acid site density can be quantified by 
integrating the area of the desorption peak. Over the undigested zirconia, NH3 desorbed 
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between 200 ºC to 450 ºC, with a peak maximum at 295 ºC. The amount of NH3 desorbed 
was 0.11 mmol/g (Table 3-3). The digested samples showed an increase in the acidity as 
the peak desorption temperature was slightly shifted to higher temperature and the 
desorption of NH3 was observed up to 500 ºC.  The amount of NH3 desorbed over the 1-
day and 2-day digested zirconia was about 2 times that of the undigested sample. An even 
higher amount of 0.46 mmol/g was obtained over the 4-day digested sample. The higher 
acid density of the digested samples may be due to their smaller crystallite size so that 
more highly uncoordinated zirconium ions are present.  
 
 
Table 3-3 Density of acid sites for zirconia samples. 
 











































Fig. 3-6 NH3 desorption curves of zirconia samples. Digestion time: (a) 0 day, (b) 1 day, 
(c) 2 days, (d) 4 days and (e) 8 days. Sample weight: ~ 0.30 g. 
 
3.3 Physical Properties of Alkali-doped Zirconia 
 
3.3.1 Surface Area and Pore Volume 
The effect of alkali doping on the textural and chemical properties of zirconia was 
investigated. Hydrous zirconia that had been digested for 2 days was washed and dried 
before treatment with NaOH, KOH or CsOH. After doping, samples were again washed 
with 500 mL of water, dried and calcined at 500 ºC. Table 3-4 shows the textural 
properties of the alkali-doped zirconia. There was no significant change in the surface 
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area of zirconia after NaOH treatment as compared to the untreated sample. However, the 
surface area of zirconia treated with KOH and CsOH increased. The surface area of 
zirconia increased from 59.0 m2/g in the untreated zirconia to 73.3 m2/g after treated with 
2 wt. % KOH. Cesium-doping had a bigger effect on the surface area. Cs-doped samples 
were between 63.8 – 77.0 m2/g. Surprisingly, ICP-AES showed that the concentration of 
Cs was very low, between 0.024 to 0.026 wt. %. In contrast, the doped amount of K 
varied from 0.16 to 0.87 wt. %. Despite the effects on surface area, the pore volume for 
zirconia samples did not change significantly after the alkali treatment. 
 
Table 3-4 Textural properties of 2-day digested alkali-doped zirconia calcined at 500 ºC 
for 12 h. 
 










ZrO2 0.0 - 59.0 0.36 28 
Na-doped 0.5 0.27 53.9 0.39 39 
 1.0 0.27 61.9 0.45 36 
 1.5 0.42 66.5 0.45 42 
 2.0 0.43 59.4 0.41 54 
K-doped 0.5 0.16 60.5 0.37 44 
 1.0 0.83 65.5 0.36 49 
 1.5 0.87 68.5 0.41 54 
 2.0 0.87 73.3 0.39 68 
Cs-doped 0.5 0.024 63.8 0.36 34 
 1.0 0.024 64.5 0.35 31 
 1.5 0.025 67.9 0.37 45 
 2.0 0.026 77.0 0.37 76 
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3.3.2 ICP and XRD Results  
Analysis by ICP-AES showed that the alkali content of the treated zirconia was less than 
1 wt. %, irrespective of the concentration of the alkali solution (Table 3-4). This may be 
due to the washing step after immersion in the alkali solution. Weakly bound alkali ions 
would be removed so that only the strongly bound ones remained. Immersion in 0.5 - 2.0 
wt. % NaOH solutions resulted in zirconia with only 0.27 - 0.42 wt. % Na. The K-doped 
samples had 0.16 - 0.87 wt. % K while the Cs content was very low for all the samples, 
between 0.024 - 0.026 wt. %. The low uptake of Cs by zirconia may be due to its larger 
size and consequently, smaller charge density. 
 
The crystalline phase of the doped zirconia showed an increase in the tetragonal phase 
(Fig. 3-7). This can be attributed to the presence of dopants or foreign atoms, which is 
known to stabilize this phase [1, 8-9]. The pure zirconia which was used for doping had 
only 28 % tetragonal phase. But the Na-doped samples showed 36 - 54 % tetragonal 
phase. Higher fraction of tetragonal phase was observed in the K-doped and Cs-doped 
samples. The two samples with 0.27 wt. % Na had about 36 - 39 % tetragonal phase 
while those with 0.42 - 0.43 wt. % Na showed 42 - 54 % tetragonal phase. In the K-doped 
series, the 0.16 wt. % K sample showed 44 % tetragonal phase but an increase to 0.83 - 
0.87 wt. % K resulted in 49 - 68 % tetragonal phase. Despite the very similar Cs content 
0.024 - 0.026 wt. %, the tetragonal phase varied widely, from 31 to 76 %. These results 
show that it is very difficult to correlate the alkali content with the amount of crystalline 
phase formed. Nevertheless, the results show that cesium ions, even at very low 






















Fig. 3-7 XRD patterns of 2-day digested zirconia with (a) no treatment and after 
treatment in (b) 1 wt. % NaOH, (c) 2 wt. % NaOH, (d) 2 wt. % KOH and (e) 2 wt. % 
CsOH. 
 
3.3.3 CO2-TPD  
The existence of basic sites was probed by CO2 TPD. For the undigested and digested 
zirconia, CO2 desorbed between 170 ºC to 500 ºC (Fig. 3-8). The amount of CO2 was 
between 0.040 to 0.056 mmol/g (Table 3-5). These results show that unlike acidity, the 
basicity of the zirconia samples was not significantly affected by digestion of the hydrous 
zirconia. Use of CO2 TPD confirmed that the surface is modified by the presence of Cs 
ions (Fig. 3-8). More CO2 was desorbed from the sample treated in 1 wt. % Cs than the 
pure zirconia. The desorption curve was also shifted to higher temperatures, showing an 
increase in the basicity of the doped zirconia. The amount of CO2 desorbed was 0.17 

























Fig. 3-8 CO2-TPD profiles of zirconia. Digestion time: (a) 0 day, (b) 2 days, (c) 8 days 




Table 3-5 CO2-TPD results for pure zirconia samples and 1 wt. % CsOH-treated zirconia. 
 
Samples Number of basic sites 
(mmol/g) (μmol/m2) 
ZrO2-0 0.040 0.90 
   
ZrO2-2 0.056 0.95 













3.4 Catalytic Studies 
The acid/base properties of the digested and alkali-doped samples were assessed by their 
catalytic activity for the decomposition of 2-propanol and 4-methyl-2-pentanol. A 
comparison with the undoped zirconia was made to see the effect(s) of a higher surface 
area. 
 
3.4.1 Decomposition of 2-Propanol 
The decomposition of 2-propanol has been commonly used as a test reaction to study the 
acid-base properties of the catalyst. There are two main routes for the decomposition of 
2-propanol: 
i) Acid catalyzed dehydration to produce propene. 
CH3CH(OH)CH3 CH3CH=CH2 + H2O 
ii) Base catalyzed dehydrogenation to produce acetone. 
CH3CH(OH)CH3 CH3C(O)CH3 + H2 
 
The total acidity has been correlated to dehydration of the alcohol while the basicity of 
the catalyst is related to a combination of dehydrogenation and dehydration [10, 11].  
 
The conversion and selectivity over zirconia digested for 0 to 8 days are shown in Figs. 
3-9 and 3-10. At 175 °C, the conversion was < 10 % for all the catalysts but increased 
with temperature to reach 100 % at 325 °C. At low temperatures, < 275 °C, the 8 day-
digested zirconia had the highest activity. The decomposition of 2-propanol at low 
temperatures results in acetone as the main product (Fig. 3-10). However, with the 
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increase of reaction temperature, the selectivity changed to propene formation. The 
undigested zirconia had 20 % selectivity to propene at 175 °C while digested samples 
showed lower selectivity, 3 – 9 %. The propene selectivity decreased with digestion time, 
suggesting that the digested samples had more basic sites (responsible for acetone 
formation) at these temperatures. In the undigested zirconia, the highest selectivity to 
propene, 51 %, occurred at a reaction temperature of 250 °C. The changeover to > 50 % 
propene selectivity occurred at higher temperatures for the digested samples than the 
undigested zirconia. At 325 °C, the propene selectivity was highest for the 8-day digested 
zirconia, 60 % and decreased in the order of 8 > 4 > 1 > 0-day digestion. For the 0 to 1-
day digested samples, the selectivity to propene reached a maximum and decreased 
slightly with higher temperatures. However, the selectivity over the longer-digested 






















Fig. 3-9 Conversion of 2-propanol versus reaction temperature over zirconia catalysts 



























Fig. 3-10 Selectivity to propene versus reaction temperature over the zirconia catalysts. 
 
The results showed that a short digestion time of 1 day did not significantly change the 
acidic properties of zirconia while a longer digestion time led to a more acidic sample. 
These results also show that there are differences in the surface acid and base sites after 
digesting the hydrous zirconia. The surface of zirconia should contain species such as 
Zr4+, O-, Zr-OH, and OH (Scheme 3-1). The Zr4+ is a Lewis acid while the bridging OH 
group can be considered to be a Brönsted acid site if the proton is removed by a base 
molecule. Due to its more basic character, the Zr-OH species can be considered to be a 
Brönsted base where the OH group can be lost. The bridging O- species is a Lewis base. 
As acetone was preferentially formed at lower reaction temperatures, this suggests that 
the surface contains a large fraction of basic sites which could be in the form of Zr-OH. 
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With higher reaction temperatures, dehydroxylation of Zr-OH gives the Lewis acidic Zr4+ 
while the bridging O-H would form the Lewis basic O- species. As more propene was 
formed at higher reaction temperatures, this suggests that the formation of Lewis acidic 
sites predominate over the basic sites. However, for the undigested and 1-day digested 
zirconia, a maximum in propene selectivity occurs showing that the increase in acidity is 
counteracted by an increase in basic sites. The digested zirconia has been shown to 
contain less hydroxyl groups due to condensation between hydroxyl groups [1, 8]. Hence, 
more Lewis basic sites are expected even at lower reaction temperatures, which could 
explain the higher selectivity to acetone formation over these samples. Only at high 


















Scheme 3-1. Representation of surface of zirconia with acidic and basic sites. 
 
Similar observations of a change in the acetone/propene selectivity have been reported 
for the decomposition of 2-propanol [12, 13]. There is a close interaction between the 
acid and base sites so that it is difficult to strictly define a catalyst as having only acidic 
or basic sites. For instance, magnesium oxide was modified with boron to increase the 
density of acidic sites [12]. Despite this, the base-catalyzed dehydrogenation to acetone 
was preferred. The authors explain this as being due to the formation of weak basic sites. 
These authors also compared the activity of zirconia calcined at 300 °C and 600 °C. They 
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claimed that the 600 °C -calcined zirconia has lower acidity and basicity than the 300 °C 
-calcined samples. Despite this, the selectivity to acetone was higher for the former. 
These results show that the selectivity towards dehydration or dehydrogenation may be 
more complex than simple acid-base dependence. 
 
Manriquez et al [13] studied the acid-base properties of titania-zirconia mixed oxides 
with various ZrO2 content in TiO2. The authors showed that in mixed oxides the number 
of acid sites is dramatically increased and the activity in the isopropanol decomposition 
showed a good correlation between the acid-basic properties and the selectivity to 
propene, acetone and isopropyl ether. They suggested a mechanism for the dehydration 
reaction (Fig. 3-11) where strong acid sites and weak basic sites are involved. The proton 
leaves first, forming a carbanion as intermediate. This is followed by the removal of OH-. 
On the other hand, the dehydrogenation required the acid sites with moderate strength 
and strong basic sites. The proton is abstracted from the alcoholic group, causing an 
adsorbed alkoxide species, followed by the abstraction of a hydride from the alkoxide 



















































Fig. 3-11 Mechanisms proposed for the 2-propanol decomposition [13]. 
 
3.4.2 Decomposition of 4-Methyl-2-Pentanol 
The decomposition of 4-methyl-2-pentanol was used as a test reaction to investigate the 
acid-base properties of the catalysts. The possible products formed from the reaction are 
4-methyl-1-pentene (1-alkene), 4-methyl-2-pentene (2-alkene), 4-methyl-2-pentanone 
(ketone) and skeletal isomers of C6-alkenes which comprise of 3-methyl-2-pentene, 3-
methyl-1-pentene and 2-methyl-2-pentene. To find the optimum condition for the 




A flow rate of 100 mL/min and 300 mL/min was investigated over the 8-day digested 
zirconia. The reaction temperature was varied from 200 ºC to 350 ºC (Fig. 3-12). A 
higher selectivity to 4-methyl-1-pentene (1-alkene) was observed with the higher carrier 
flow rate. For the flow rate at 100 mL/min, the highest selectivity to 1-alkene was 47 % 
at 300 ºC. When the flow rate was increased to 300 mL/min, the selectivity to 1-alkene 
increased to 64 % at 300 ºC. At the higher flow rate, there is less contact time for the 
reactant at the surface of the catalyst. Hence isomerisation to other alkenes is reduced. 





















Fig. 3-12 Effect of the flow rate on the selectivity to 4-methyl-1-pentene over the 8-day 
digested zirconia.  
 
3.4.2.1 Effect of Digestion  
The reaction temperature was varied from 200 ºC to 350 ºC. The conversion of 4-methyl-
2-pentanol over the undigested zirconia was less than 10 % below 225 °C and increased 
sharply above 250 °C to reach 100 % conversion by 325 °C (Fig. 3-13). At low 
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temperatures, the main products formed were various isomers of 4-methyl-pentene, 
collectively labeled as C6-alkenes and 4-methyl-2-pentene. The useful isomer, 4-methyl-
1-pentene, formed about 20 % of the reaction products at 200 °C and increased to 61 % in 
the temperature range of 250 – 300 °C before decreasing to about 50 % above 325 °C. 
This decrease is due to the formation of more 4-methyl-2-pentene. 4-Methyl-2-pentanone 
was not formed below 250 °C but its selectivity increased with temperature. Even at 350 
°C, the major product is the useful 4-methyl-1-pentene. This is a unique feature of 
zirconia where the alkene formed follows a Hofmann orientation. A necessary condition 
is that the catalyst contains stronger basic sites than acidic sites. This can be indirectly 
deduced by the higher propensity of acetone formation at low temperatures during the 
decomposition of 2-propanol. 
 
In comparison, the 8-day digested zirconia showed a slightly higher activity than the 
undigested zirconia (Fig. 3-14). The maximum selectivity to 4-methyl-1-pentene was also 
higher, at 64 %. Hence, the decomposition of 4-methyl-2-pentanol does not allow a clear 
distinction between the two different zirconia samples. However, a higher yield of the 
desired 4-methyl-1-pentene can be obtained over the digested zirconia, making this a 
































Fig. 3-13 Conversion of 4-methyl-2-pentanol and selectivity to different products versus 






























Fig. 3-14 Conversion of 4-methyl-2-pentanol and selectivity to different products versus 





3.4.2.2 Alkali Doped Samples 
 
The patent literature reported that very high selectivity to 4-methyl-1-pentene, > 90 %, 
can be obtained after alkali-treatment of zirconia [14]. Hence, the effects of different 
types of alkali (Na, K, Cs) and loading on a 2-day digested hydrous zirconia sample were 
investigated (Figs. 3-15 – 3-17). Irrespective of the alkali metal, the overall conversion by 
zirconia treated in 1 wt. % alkali solution was lower than the undoped sample. The 
selectivity of 4-methyl-1-pentene was slightly increased to 71 % over the Na-doped 
sample (Fig. 3-15). This maximum in selectivity occurred at a lower temperature, 275 °C, 
than the pure zirconia. Higher loadings of Na did not lead to a significant change in the 
selectivity (Table 3-6). Despite a higher K+ concentration at the surface of zirconia, there 
was no improvement in the selectivity to 4-methyl-1-pentene (Fig. 3-16). In contrast, the 
Cs-doped samples formed by immersing in 1.0 and 1.5 wt. % CsOH, had a selectivity of 
70 - 71 % (Table 3-6). Auroux et al [15] reported that Na-doped zirconia, (with number 
of basic sites to acidic sites, nB/nA = 1.2) prepared by immersion in 0.3 wt. % NaOH and 
calcination at 400 ºC for 2 h in nitrogen, showed a high selectivity to 1-alkene, ca., 83 % 
at 340 ºC with 58 % conversion. Other products formed were 2-alkene (3 %) and ketone 
(14 %).  
 
Fig. 3-18 compares the effect of the different alkali metals on the activity and selectivity 
to 4-methyl-1-pentene. Doping with Cs had the biggest effect on the conversion and 
selectivity. This is despite the fact that the amount of Cs found was only 0.024 wt. % as 
compared to 0.27 wt. % Na and 0.83 wt. % K. The selectivity to 4-methyl-1-pentene was 
the highest of all the three metals studied while the conversion suffered the biggest 
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decrease. Auroux et al [16] found a similar trend for zeolites X and Y ion exchanged with 
alkali metals. The conversion was found to decrease in the order Li > Na > Rb > K > Cs. 
The authors attributed this to a decrease in the acidity of the samples while the most basic 
sample, CsX, formed the highest selectivity, 38 %, to 1-alkene. Another study by 
Cutrufello et al [17] also found that upon addition of dopants to zirconia, a decrease in 
conversion was observed. The addition of 0.2 mmol/g of any oxides led to a very high 
selectivity, 80 %, to 4-methyl-1-pentene but higher dopant content was not useful and 






























Fig. 3-15 Conversion of 4-methyl-2-pentanol and selectivity to different products versus 































Fig. 3-16 Conversion of 4-methyl-2-pentanol and selectivity to different products versus 






























Fig. 3-17 Conversion of 4-methyl-2-pentanol and selectivity to different products versus 











Fig. 3-18 Conversion and selectivity to 1-alkene over the zirconia immersed in 1 wt. % 




Table 3-6 Catalytic performance of zirconia and alkali-doped zirconia. Reaction 







Selectivity (%) Yield (%) 
1-alkene 2-alkene ketone C6-alkene 
0 84 64 16 15 5 53.8 
0.5 (0.27) 68 62 27 5 5 42.2 
1.0 (0.27) 70 66 22 8 4 46.2 
1.5 (0.42) 50 62 28 4 6 31.0 
2.0 (0.43) 45 61 32 0 7 27.5 































Selectivity (%) Yield (%) 
1-alkene 2-alkene ketone C6-alkene 
0.5 (0.16) 81 62 25 8 6 50.2 
1.0 (0.83) 56 61 32 0 7 34.2 
1.5 (0.87) 50 63 30 0 7 31.5 
2.0 (0.87) 66 62 27 3 7 40.9 








Selectivity (%) Yield (%) 
1-alkene 2-alkene ketone C6-alkene 
0.5 (0.024) 69 61 27 5 7 42.1 
1.0 (0.024) 44 71 23 0 6 31.2 
1.5 (0.025) 54 70 24 0 6 38.3 
2.0 (0.026) 52 59 33 0 8 30.7 
( ) In bracket, the measured loading. 
 
3.5 Conclusion 
1. Digestion of hydrous zirconia resulted in higher surface area and pore volumes in the 
calcined samples. The thermal stability of the digested samples was higher than the 
undigested zirconia for the temperature range of 500 to 900 °C. However, after 
calcination at 1050 °C, all the samples had less than 1 m2/g, irrespective of whether 
they had been digested or not. 
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2. The digested samples crystallized with a higher fraction of tetragonal phase than the 
undigested zirconia. This could be due to the smaller crystallite size found in the 
digested samples, which would favor the formation of the tetragonal phase. 
 
3. From ammonia TPD, the digested zirconia has a higher density of acidic sites and 
higher acidic strength than the undigested sample. However, CO2 TPD showed that 
the basicity of the zirconia was not affected by digestion. 
 
4. The alkali-doped zirconia has up to 20 m2/g higher surface area than the undoped 
zirconia. The most pronounced effect was observed for Cs-doped zirconia. The 
fraction of tetragonal phase decreased from Cs > K > Na-doped zirconia. 
 
5. The amount of alkali metal taken up by zirconia was between 0.024 – 0.87 wt. %. The 
uptake of cesium was the lowest of the alkali metals studied, in the order of 0.024 wt. 
%. Use of higher concentrations of alkali solution did not affect the uptake. 
 
6. Despite the low Cs-content, CO2 TPD showed that the Cs-doped sample had 3 times 
as many basic sites as the undoped zirconia. 
 
7. The longer digested samples were catalytically more active than the undigested or 
shorter-digested zirconia in the decomposition of 2-propanol. From the products 
formed, the digested samples appeared to have stronger basic sites at lower reaction 
temperatures and stronger acidic sites at higher temperatures as compared to the 
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undigested zirconia. However, study of the decomposition of 4-methyl-2-pentanol did 
not show significant differences in the selectivity of the various digested zirconia. 
 
8. Despite higher surface area, alkali doping did not lead to significant differences in the 
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Silica-Zirconia Catalysts  
Silica is well known as a textural promoter. The surface area of zirconia can be improved 
by incorporation of silica [1]. SiO2–ZrO2 is used as a catalyst for such as alcohol 
dehydration and alkene isomerization [2]. It can also be used as a catalyst support [3-4]. 
However, doping with silica alters the acid-base property such that the mixed oxide has a 
higher acidity. According to Tanabe [5], for a mixed oxide, (i) the coordination number 
of the two metals is maintained; and (ii) the coordination number of the oxygen will be 
that of the oxygen of the major oxide component. Brönsted or Lewis acidity will be 
generated by an excess of negative or positive charges, respectively. The structure of 
SiO2-ZrO2, where ZrO2 is the major component oxide, is shown in Fig. 4-1. The 
coordination number of Si remains as 4 when they are mixed, whereas the oxygen adopts 
the coordination number of 4, which is that found in ZrO2. The four positive charges of 
the silicon atom are distributed to four bonds, i.e., a positive charge is distributed to each 
bond, while the two negative charges of the oxygen atom are distributed to four bonds, 
i.e., -2/4 of a valence unit is distributed to each bond. The difference in charge for each 
bond is +1 – 2/4 = +1/2, and considering all the bonds for Si, a +2 charge is in excess. In 
this case, the Lewis acidity is assumed to result from the presence of an excess of positive 
charge. Hence, SiO2-ZrO2 exhibits very high acidity when SiO2 is a minority component. 
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In this study, preparation of silica-zirconia was first studied for the generation of high 
surface area, followed by surface modification with alkali in order to try and achieve an 











Charge difference: +4/4 -2/4 = +1/2  
Fig. 4-1 Model structure of SiO2-ZrO2 pictured according to Tanabe’s model. 
 
4.1 ICP Measurements  
Silicon was incorporated into zirconia to form 2 wt. % to 20 wt. % Si. The formation of 
the mixed oxide involved the preparation of hydrous zirconia followed by the addition of 
tetraethoxysilane (TEOS). Under alkaline conditions, TEOS is expected to undergo 
hydrolysis and be bonded to the hydrous zirconia. Elemental analysis by ICP shows that 
the silicon content was lower than the expected values for all the samples (Table 4-1). In 
general, the 8-day digested samples had similar or higher Si content than the undigested 
samples. This may be due to the higher temperature and longer contact time which cause 














Si (wt. %) 
2 Si-ZrO2-0 0.9 
 
2 Si-ZrO2-8 1.5 
 
4 Si-ZrO2-0 3.6 
 
4 Si-ZrO2-8 3.6 
 
6 Si-ZrO2-0 5.7 
 
6 Si-ZrO2-8 5.6 
 
8 Si-ZrO2-0 7.0 
 
8 Si-ZrO2-8 7.3 
 
15 Si-ZrO2-0 10.3 
 
15 Si-ZrO2-8 9.2 
 
20 Si-ZrO2-0 13.6 
 
20 Si-ZrO2-8 15.3 
 
Sample code: m Si-ZrO2-n where m = wt. % Si in zirconia, n = days of digestion. 
 
4.2 Effect of Si Loading and Digestion 
The incorporation of Si into zirconia and digestion resulted in an increase in the surface 
area after calcination at 500 ºC for 12 h. Zirconia with 2 wt. % Si loading had a surface 
area of 108 m2/g (Fig. 4-2). After digestion for 8 days, the surface area was increased to 
151 m2/g. For 4 wt. % Si loading, the surface area for undigested sample was 164 m2/g 
and increased to 207 m2/g after 8 days of digestion. The highest surface area of 271 m2/g 
was obtained with 15 wt. % Si loading on zirconia sample. Beyond this loading, the 
surface area leveled off (Fig. 4-3). In fact, 20 wt. % Si-ZrO2 had a surface area of 233 
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m2/g which was slightly lower than the 15 wt. % sample. The results show that digestion 
was helpful in increasing the surface area of the mixed oxide for Si loadings ≤ 15 wt. % 
but had little effect for higher loadings.  
 
The increase in surface area correlates with an increase in the porosity of the samples. 
Samples with higher surface area had bigger pore volumes. For 2 wt. % Si-ZrO2, the pore 
volume increased from 0.16 cm3/g in the undigested sample to 0.43 cm3/g in 8-day 
digested sample (Table 4-2). In general, the pore volume doubled after digestion for 
zirconia with Si up to 6 wt. %. With Si of 8 wt. % or higher, the effect of digestion in the 
pore volume was smaller. Hence the pore volume of a 20 wt. % Si-ZrO2 only slightly 
increased from 0.82 cm3/g in the undigested sample to 0.89 cm3/g in the 8-day digested 
sample. The nitrogen sorption isotherms and pore size distributions of undigested and 8-
day digested Si-doped zirconia samples were shown in Fig. 4-4 and Fig. 4-5, respectively. 
All the isotherms are of the IUPAC type IV. Type IV isotherms are irreversible and 
exhibit a hysteresis loop which is associated with capillary condensation in mesoporous 
adsorbents. Another characteristic is the limiting uptake over a range of high P/P0. The 
hysteresis loops are shifted to higher P/P0 for the digested samples. Similarly, samples 
with higher Si loadings also had the hysteresis loops at relatively higher pressures. The 
mean pore diameter of undigested samples with ≤ 8 wt. % Si loadings ranged from 4 – 8 
nm. After 8-day digestion, the pore size distribution became broader and the mean pore 
diameter shifted to ~ 10 nm.  Thus digestion led to an increase in pore volume. Samples 
with higher loadings of Si (15 and 20 wt. %) showed irregular shape mesopores ranged 
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from 2 – 50 nm or bigger. The presence of these mesopores led to the increase in surface 






















Fig. 4-2 Effect of silicon content and digestion on surface area of zirconia. Si loading (wt. 























































































































Fig. 4-4 Nitrogen adsorption/desorption curves and pore size distributions of undigested 




































































































































































































Fig. 4-5 Nitrogen adsorption/desorption curves and pore size distributions of 8-day 
digested Si-doped zirconia samples. Si loading (wt. %): 2 (), 4 (□), 6 (▲), 8 (×), 15 (∆), 
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Table 4-2 Effect of Si loading and the digestion on pore volume (cm3/g) over zirconia. 
Si Loading 
(wt. %) 
Pore Volume (cm3/g) 
 Days of Digestion 
 0 1 2 4 8 
0 0.10 0.35 0.36 0.38 0.41 
2 0.16 0.32 0.39 0.41 0.43 
4 0.26 0.41 0.46 0.48 0.52 
6 0.28 0.44 0.47 0.48 0.54 
8 0.39 0.49 0.50 0.51 0.54 
15 0.65 0.69 0.72 0.69 0.74 
20 0.82 0.78 0.85 0.86 0.89 
 
Wang et al [6] showed that adding Si into the Ce-Zr-O solid solution can increase its 
surface area and decrease sintering after calcination at high temperature. The higher the 
Si content, the larger the surface area. They also found that when the Si content was more 
than 15 wt. %, the influence of increasing Si content on the surface area became weak. 
The surface area of the Ce-Zr-O sample with 20 wt. % Si was 153 m2/g after calcination 
at 900 ºC for 6 h. This surface area is lower than the 271 m2/g obtained in this study for 
15 wt. % Si-ZrO2. A study of Teo et al [7] claimed that the surface area of silica-zirconia 
mixed oxide is a maximum for 80 mol % SiO2 (~ 30 wt. % Si). They postulated that this 
ratio creates more terminal oxygen atoms from the bridging ones, leading to structural 
stabilization of SiO4 tetrahedra in a three-dimensional network. Zhuang et al [8] also 
reported that a limit exists for mixing the two oxides, beyond which segregation occurs 
leading to low surface area and low pore volume. They claimed a maximum miscibility 
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of SiO2 in the range of ca. 68 - 77 mol % SiO2 (24 – 29 wt. % Si), forming the mixed 
oxide with largest surface area and pore volume. In comparison, our findings showed that 
the highest surface area of silica-zirconia is obtained from 15 wt. % Si on zirconia.  The 
variation with the reported values could be due to the different methods and conditions in 
the sample preparations.  
 
The high surface area of the Si-doped zirconia samples may be due to its concentration at 
the surface. The silicon atom is small and strongly prefers tetrahedral coordination, hence 
its dissolution into the lattice of zirconia is less probable than its remaining at the surface 
region. This is also aided by the preparation method where TEOS is added after the 
precipitation of hydrous zirconia. The localization of the silicon species at the surface 
provides an exceptionally high stabilizing effect. In fact, silicon is an effective element 
not only for improving the surface area and thermal stability of zirconia, but also for 
other metal oxides such as alumina [9-11] and Ce-Zr-O solid solution [6]. 
 
The thermal stability of the samples was studied over a temperature range of 500 ºC to 
900 ºC (Figs. 4-6 and 4-7). Incorporation of a minor oxide component can enhance the 
thermal stability of a major component [12-15], allowing it to be used at higher operating 
temperatures. The surface areas of 8-day digested Si-doped zirconia were high, between 
53 to 130 m2/g, depending on the Si content. It is only after calcination at 1050 ºC that 
the surface area of all the samples decreased dramatically to 0.17 - 27 m2/g. Miller et al 
[16] reported the incorporation of silica at levels as low as 1 - 5 mol % (0.23 – 1.17 wt. % 
Si), into zirconia aerogels retarded the surface area loss and phase transformation that 
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would normally occur in pure zirconia upon heat treatment. Natile et al [17] also studied 
several silica–zirconia mixed oxide powders calcined at 600 ºC – 1000 ºC, both in a 
conventional muffle furnace and with microwave technology. For the samples calcined in 
the muffle furnace at 1000 ºC for 5 h, a drastic collapse of the structure was observed, 
leading to materials with very low surface area (ca. 1 m2/g) and pore volumes. In 
contrast, with microwave treatment, the microporosity was partially retained together 
with much higher specific surface area of 290 – 580 m2/g. They proposed that these 
remarkable differences between microwave- and muffle furnace- treated samples could 
be ascribed to the different mechanisms involved in the heat deposition and transport, and 
in the unique features of microwave annealing. Therefore, the thermal stability can be 
improved by the presence of silica and further enhanced by heat treatment method. 
However, the authors did not report on how their microwaved samples would perform 






















Fig. 4-6 Surface area of undigested Si-doped zirconia versus calcination temperature. Si 























Fig. 4-7 Surface area of 8-day digested Si-doped zirconia versus calcination temperature. 
Si loading (wt. %): 0 (), 2 (□), 4 (▲), 6 (×), 8 (∗), 15 (∆) and 20 (○). 
 
4.3 XRD Measurements 
Zirconia with 2 wt. % Si crystallized only in the tetragonal phase, irrespective of the 
period of digestion (Fig. 4-8). Zirconia with Si loading > 2 wt. % were amorphous even 
after calcination at 500 ºC for 12 h (Fig. 4-9). The temperature of crystallization of 
zirconia increases upon doping. The 4 to 8 wt. % Si samples crystallized only after 
calcination at 700 ºC while the 15 wt. % and 20 wt. % Si samples crystallized after 
calcination at 900 ºC. Livage [18] reported that the shift of Tcryst varied linearly with the 
amount of MgO added. A similar result was found for zirconia doped with Y2O3 [19], 
although the Tcryst remained constant above 6 - 7 % yttrium. Likewise, Miller et al [16] 
reported that the transformation from X-ray amorphous to the tetragonal phase and the 
tetragonal to the monoclinic phase was delayed to higher temperatures when the silica 
content in zirconia increased from 0 to 5 mol %. Soled and McVicker [20] found that 15 
 91 
mol % silica (3.7 wt. % Si) was required to stabilize the X-ray amorphousity in a 
zirconia-silica xerogel calcined for 3 h at 500 ºC. This loading is similar to our findings 
that 4 wt. % Si-ZrO2 was amorphous after calcination for 12 h at 500 ºC. 
 
According to Garvie [21, 22] and Garvie and Goss [23], the tetragonal phase has a lower 
surface free energy than the monoclinic form. Hence, small crystallites may preferentially 
form the tetragonal phase. In the 2 wt. % Si in zirconia, the tetragonal phase was 
observed up to 1050 ºC. Beyond this temperature, the monoclinic phase was formed 
(Table 4-3). For Si loading of 4 wt. % and higher, the tetragonal phase was observed even 
after calcination at 1050 ºC (Fig. 4-10). This can be attributed to the smaller crystallite 
size found in these samples as compared to that of pure zirconia or samples with lower Si 
content (Table 4-3). On the other hand, some authors [24–26] explained that for high 
SiO2 content (> 30 mol %), the stabilization of the tetragonal phase was due to the 
constraining effect of the amorphous silica matrix on zirconia particles. It has also been 
reported that silica even at 2 mol % (0.46 wt. % Si) level decreases the kinetics of 

























Fig. 4-8 XRD patterns of 2 wt. % Si-ZrO2 samples digested for (a) 0 day, (b) 1 day, (c) 2 

























Fig. 4-9 XRD patterns of 8-day digested ZrO2 with (a) 0, (b) 2, (c) 4, (d) 6, (e) 8, (f) 15 

























2  0 500 T 100 13.3 - 
700 T 100 13.8 - 
900 T 100 19.4 - 
1050 M 0 - 17.6 
8 500 T 100 9.0 - 
700 T 100 10.8 - 
900 T 100 16.1 - 
1050 
 
M& T 10.5 18.0 20.75 
4  0 500 Amorphous - - - 
700 T 100 10.3 - 
900 T 100 12.2 - 
1050 M& T 29.4 40.9 17.1 
8 500 Amorphous - - - 
700 T 100 8.27 - 
900 T 100 10.9 - 
1050 
 
T 100 35.9 - 
6  0 500 Amorphous - - - 
700 T 100 7.91 - 
900 T 100 10.2 - 
1050 T 100 31.5 - 
8 500 Amorphous - - - 
700 T 100 7.85 - 
900 T 100 9.42 - 
1050 
 
T 100 30.2 - 
8  0 500 Amorphous - - - 
700 T 100 7.78 - 
900 T 100 8.53 - 
1050 T 100 27.8 - 
8 500 Amorphous - - - 
700 T 100 7.39 - 
900 T 100 8.18 - 
1050 
 
T 100 27.0 - 
15  0 500 Amorphous - - - 
700 Amorphous - - - 
900 T 100 6.34 - 
1050 T 100 20.2 - 
8 500 Amorphous - - - 
700 Amorphous - - - 
900 T 100 6.29 - 
1050 
 
T 100 19.0 - 
20  0 500 Amorphous - - - 
700 Amorphous - - - 
900 T 100 5.23 - 
1050 T 100 15.2 - 
8 500 Amorphous - - - 
700 Amorphous - - - 
900 T 100 5.39 - 
1050 T 100 15.1 - 
























Fig. 4-10 XRD patterns of 8 day-digested ZrO2 with (a) 2, (b) 4, (c) 6, (d) 8, (e) 15 and (f) 
20 wt. % Si. Calcination temperature: 1050 ºC. 
 
4.4 Acidity of Samples by Temperature Programmed Desorption 
The acidity of the samples was investigated by temperature-programmed desorption 
(TPD) of ammonia. With increase in the loading of Si, the desorption curve became 
broader and more intense. Compared to pure zirconia, the onset of ammonia desorption 
for silica-zirconia occurred at a lower temperature, ~ 170 ºC while the desorption was 
extended to higher temperatures, 500 ºC – 550 ºC (Figs. 4-11 and 4-12). This shows that 
new sites of both lower and higher acidity were created with silicon incorporation in 
zirconia.  
 
The amount of NH3 desorbed was quantified. Compared to pure zirconia, 2 wt. % Si-
ZrO2 had about 4 times more acid sites (Table 4-4). For the undigested silica-zirconia, the 




times more acid sites than pure zirconia. Higher Si loadings resulted in about the same 
acid sites density.  
 
The effect of digestion time on the acidity of 2 wt. % Si-ZrO2 was studied (Fig. 4-13). 
The density of desorbed NH3 doubled from 0.42 mmol/g in the undigested sample to 0.91 
mmol/g for 8-day digested sample. The highest acid density, 1.93 mmol/g, was found in 
the 8-day digested samples with 8 wt. % Si (Table 4-4). At 15 wt. % Si, a lower acid 


























Fig. 4-11 NH3-TPD profiles of undigested silica-zirconia samples with (a) 0, (b) 2, (c) 4, 



























Fig. 4-12 NH3-TPD profiles of 8 day-digested silica-zirconia samples with (a) 0, (b) 2, (c) 






























Fig. 4-13 Density of acidic sites for 2 wt. % Si-ZrO2 samples versus digestion time.                   
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Table 4-4 Density of acid sites for silica-zirconia.  
 








2 Si-ZrO2-0 0.42 
 
3.89 
2 Si-ZrO2-8 0.90 
 
6.00 
4 Si-ZrO2-0 0.75 
 
4.57 
4 Si-ZrO2-8 1.15 
 
5.56 
6 Si-ZrO2-0 1.51 
 
8.03 
6 Si-ZrO2-8 1.43 
 
5.86 
8 Si-ZrO2-0 1.50 
 
6.67 
8 Si-ZrO2-8 1.93 
 
7.66 
15 Si-ZrO2-0 1.33 
 
4.91 
15 Si-ZrO2-8 1.48 
 
5.46 
Sample code: m Si-ZrO2-n where m = wt. % Si in zirconia, n = days of digestion 
 
According to Tanabe [29], the maximum acidity occurs when each oxygen is shared 
between one Zr and one Si atom. Given complete mixing of the components, this should 
occur at Zr:Si = 0.5 or 67 mol % Si (23 wt. % Si). However, the highest surface acid sites 
in silica-zirconia were reported to occur variously at 25 mol % (6 wt. % Si) [30] and at 50 






4.5 Catalytic Studies 
4.5.1 Decomposition of 2-Propanol 
The decomposition of 2-propanol was carried out to assess if the Si-doped samples had 
similar catalytic activity as pure zirconia. In the 8-days digested pure zirconia, the 
decomposition of 2-propanol was < 10 % below 175 °C but increased sharply from 250 
°C to 325 °C to reach conversions > 90 % (Fig. 4-14). In comparison, the 2 wt. % Si-
ZrO2 sample showed lower activity than pure zirconia when the reaction temperature was 
below 225 °C. However, at 250 °C and above, it showed higher conversion. The activity 
increased with Si loading so that for 20 wt. % Si-ZrO2, 2-propanol was already 
decomposed at 75 °C. Over this catalyst, the conversion reached > 90 % by 125 °C. 
 
Compared to pure zirconia, higher propene selectivity was found for all the silica-
zirconia samples (Fig. 4-15). For samples with 2- 6 wt. % Si, the propene selectivity 
showed a maximum at 275 °C. However, for samples with 8 - 20 wt. % Si, the propene 
selectivity remained high at ~ 90 % up to 300 °C. The 8 and 15 wt. % Si-ZrO2 samples 
were highly selective to propene even at low temperatures. Compared to the digested 
samples, the undigested samples showed lower activity (Table 4-5). This can be 
explained by their lower surface areas. Undigested samples with high Si content (> 8 wt. 
%) have similar surface areas to the digested samples and as a result, they also have 
similar activities for the decomposition of 2-propanol.  
 
The high activity in 2-propanol decomposition and selectivity to propene can be 





































% Si-ZrO2 sample with the highest yield of propene showed the highest acidity. This 




















Fig. 4-14 Conversion of 2-propanol versus reaction temperature for 8-day digested silica-




















Fig. 4-15 Selectivity to propene versus reaction temperature over 8-day digested silica-
zirconia. Si loading (wt. %): 0 (■), 2 (□), 4 (), 6 (▲), 8 (×), 15 (∆) and 20 (●). 
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Sample code: m Si-ZrO2-n where m = wt. % Si in zirconia, n = days of digestion. 
 
4.5.2 Decomposition of 4-Methyl-2-Pentanol 
The effect of carrier flow rate was studied over a 2 wt. % Si-ZrO2 sample (Fig. 4-16). The 
He flow rate was varied from 100 to 800 mL/min keeping the catalyst bed at 300 °C. The 
conversion was 100 % for flow rates of 100 to 400 mL/min and decreased slightly to 91 
% when the flow rate was 800 mL/min. The decrease can be attributed to a shorter 
contact time of the reactants with the catalyst bed. The selectivity to the desired 4-
methyl-1-pentene, was a maximum for flow rates of 200 – 300 mL/min, hence, 300 
mL/min was used for catalytic testing. 
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With the incorporation of Si into zirconia, the conversion curves were shifted to lower 
temperatures (Fig. 4-17). Over 20 wt. % Si-ZrO2, the conversion reached 100 % by 150 
°C. In comparison, pure zirconia was active in the decomposition of 4-methyl-2-pentanol 
only above 200 °C. The selectivity to 4-methyl-1-pentene decreased with Si content in 
zirconia (Fig. 4-18). For 2 wt. % Si-ZrO2, the maximum selectivity was lower, 57 %, 
compared to pure zirconia, 64 %. The temperature range over which this maximum 
selectivity occurred was also shifted to higher temperatures, 350 – 400 °C.  
 
Besides 4-methyl-1-pentene, the other products formed are 4-methyl-2-pentene, other 
C6-alkenes and 4-methyl-2-pentanone. Of these by products, 4-methyl-2-pentene is the 
major isomer at lower temperatures. As the temperature increased, 4-methyl-2-pentanone 
is preferentially formed. The selectivity to the other alkenes remained constant with 
temperature. The high Si-containing sample had an increased selectivity to C6-alkenes 
and in the 20 wt. % Si-ZrO2, this selectivity was as high as 77 % (Tables 4-6 to 4-10). 
The preferential formation of these isomeric alkenes was at the expense of 4-methyl-1-
pentene, 4-methyl-2-pentene and 4-methyl-2-pentanone. Due to increased acidity as the 
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Fig. 4-16 Conversion () and selectivity (□) to 1-alkene versus He flow rate for 2 wt. % 





















Fig. 4-17 Conversion of 4-methyl-2-pentanol versus reaction temperature over 8-day 























Fig. 4-18 Selectivity to 4-methyl-1-pentene versus reaction temperature over 8-day 














1-alkene 2-alkene ketone C6-alkenes 
250 79.2 33.6 56.4 0 10 
 
275 95.1 33.4 53.3 4 9.3 
 
300 100 37.9 44.9 8.9 8.3 
 
325 100 46.9 31.7 15 6.4 
 




100 57.2 21.5 16.4 4.9 
400 
 
100 55.5 25.8 12.5 6.2 












1-alkene 2-alkene ketone C6-alkenes 
225 96.0 20.6 53.8 0 25.6 
 
250 98.7 16.2 45.9 0 37.9 
 
275 100 15.8 42.7 0 41.5 
 
300 100 15.6 39.5 4.2 40.7 
 
325 100 16.7 38.1 8.3 36.9 
 













1-alkene 2-alkene ketone C6-alkenes 
200 95.3 15.4 50.1 0 34.5 
 
225 99.0 12.2 41.5 0 46.3 
 
250 100 10.8 35.4 0 53.8 
 
275 100 10.7 32.4 2.9 54 
 
300 100 11.9 32.2 6.7 49.2 
 
















1-alkene 2-alkene ketone C6-alkenes 
125 32.1 11.2 54.8 0 34.0 
 
150 88.1 10.4 50.4 0 39.2 
 
175 100 7.6 38.9 0 53.5 
 
200 100 5.9 29.6 0 64.5 
 
225 100 5.4 24.9 0 69.7 
 




100 6.2 22.0 0 71.8 












1-alkene 2-alkene ketone C6-alkenes 
125 70.6 8.8 52.1 0 39.1 
 
150 97.9 7.6 43.7 0 48.7 
 
175 100 6.0 33.8 0 60.2 
 
200 100 5.2 27.5 0 67.3 
 
225 100 4.7 22.6 0 72.7 
 




100 5.0 18.7 0 76.3 
300 100 5.1 17.6 0 77.3 
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4.6 Alkali-Doped Silica-Zirconia 
Based on the catalytic decomposition of 2-propanol and 4-methyl-2-pentanol, the silica-
zirconia samples have very different acidic properties from that of pure zirconia. While 
the incorporation of Si into zirconia results in a higher surface area, the increased acidity 
of the samples has a detrimental effect on the unique selectivity of zirconia for 1-alkene 
formation in dehydration of secondary alcohols. Hence, alkali-doping was carried out to 
try and achieve an acid-base balance as close to that of pure zirconia as possible. 
 
4.6.1 Textural Properties 
Alkali-doped silica-zirconia was prepared by impregnating 2-day digested samples of 4, 8 
and 15 wt. % Si-ZrO2 with alkali solution (NaOH, KOH and CsOH). 1 g of hydrous 
sample was stirred in 20 mL alkali solution (1.0 and 2.0 wt. %) for 20 h, followed by 
filtering and washing of the residue. The obtained solid was then dried overnight at 100 
ºC and calcined at 500 ºC for 12 h. Table 4-11 shows that the alkali content in the silica-
zirconia increased slightly with the concentration of the alkali solution. However, 
samples immersed in CsOH had almost the same Cs content, regardless of the 














Table 4-11 Alkali content in doped silica-zirconia. 
 






4 Si-ZrO2 - 
 
1 wt. % Na/4 Si-ZrO2 0.67 
 
2 wt. % Na/4 Si-ZrO2 0.71 
 
1 wt. % K/4 Si-ZrO2 0.77 
 
2 wt. % K/4 Si-ZrO2 1.10 
 
1 wt. % Cs/4 Si-ZrO2 0.089 
 
2 wt. % Cs/4 Si-ZrO2 0.090 
 
Sample code: m Si-ZrO2 where m = wt. % Si in zirconia. 
aResults from ICP-AES. 
 
The surface area of 4 and 8 wt. % Si-ZrO2 samples were slightly decreased after doping 
with the various alkali metals. The decrease was very pronounced for 15 wt. % Si-ZrO2 
where the surface area fell from 272 m2/g to 198 m2/g (Table 4-12). The pore volume was 
also reduced by almost half as a result of doping (Table 4-13). The nitrogen sorption 
isotherms and pore size distributions of 15 wt. % Si-ZrO2 and after treatment with 1 
wt. % and 2 wt. % CsOH were shown in Fig. 4-19. All the isotherms are type IV, 
representative of mesoporous materials. An irregular shaped mesopores ranged 2 – 50 nm 
can be deduced from the isotherms and pore size distribution plots. After treatment with 
CsOH, the pore size distributions became narrower and less intense. Higher concentration 
of CsOH treatment led to a loss of bigger pores (> 15 nm). This indicates that pore 
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blockage occurred so that the surface area and pore volume decreased for 15 wt. % Si-
ZrO2 after treatment with CsOH. From the XRD measurements, all the silica-zirconia 
samples remained amorphous even after doping and calcination.  
 
Table 4-12 Surface area of alkali-doped silica-zirconia. 
Catalyst Concentration 
of alkali 
solution (wt. %) 
Surface Area (m2/g) 
NaOH KOH CsOH 




211 211 211 
0.5 
 
185 191 196 
1 
 
196 204 197 
1.5 
 
178 198 201 
2 
 
194 203 185 




238 238 238 
1 
 
209 220 230 
2 
 





272 272 272 
1 
 
212 210 223 
2 
 


































Table 4-13 Pore volume of alkali-doped silica-zirconia. 
Catalyst Concentration 
of alkali 
solution (wt. %) 
Pore Volume (cm3/g) 
NaOH KOH CsOH 




0.46 0.46 0.46 
0.5 
 
0.39 0.40 0.42 
1 
 
0.35 0.44 0.40 
1.5 
 
0.39 0.38 0.38 
2 
 
0.42 0.42 0.37 




0.50 0.50 0.50 
1 
 
0.50 0.46 0.45 
2 
 





0.72 0.72 0.72 
1 
 
0.60 0.54 0.58 
2 
 

















Fig. 4-19 Nitrogen adsorption/desorption curves and pore size distributions of 15 wt. % 



















4.6.2 CO2-Temperature Programmed Desorption  
The basicity of the samples was investigated by temperature programmed desorption 
(TPD) of carbon dioxide. The acidic 4 wt. % Si-ZrO2 shows very little CO2 desorption. 
Doping with alkali solutions increased the basicity of the oxide (Table 4-14). For the 
sample treated with 2 wt. % NaOH, the CO2 desorption was shifted to slightly higher 
temperatures as compared to the 1 wt. % NaOH-treated sample (Fig. 4-20). The 
desorption of CO2 was observed up to 380 °C. However, both samples had similar 
density of basic sites. This agrees with the results of ICP where both samples had almost 
the same Na content. The density of basic sites for both samples was around 60 µmol/g, 
which is very similar to that of pure zirconia.  
 
The sample treated with 2 wt. % KOH showed a more intense peak than the 1 wt. % 
KOH-treated sample. The density of the basic sites was almost doubled that of the 1 wt. 
% KOH-treated sample. This density of 57 µmol/g was similar to that of pure zirconia. 
The same desorption profiles were observed for the 1 and 2 wt. % CsOH-treated samples 
as the KOH-ones. The density of basic sites for both the 1 and 2 wt. % CsOH-treated 
samples was ~ 40 µmol/g which is less than that of pure zirconia. Similarly to NaOH-
doped series, samples treated with 1 wt. % and 2 wt. % CsOH had similar density of 
basic sites as both samples have almost the same Cs content.  It can be seen from the 
temperature range for CO2 desorption that the alkali treatment is not sufficient to restore 
the basicity of the 4 wt. % Si-ZrO2 to that of pure zirconia. In pure zirconia, there are 
strong basic sites present as CO2 desorbed up to 450 °C. None of the alkali-treated Si-
ZrO2 samples showed CO2 desorption to this temperature. Although more CO2 desorbed 
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from the alkali-treated Si-ZrO2 samples, the stronger basic sites that adsorbed CO2 till 





























Fig. 4-20 CO2-TPD profile of 2-day digested samples. (a) zirconia, (b) 4 wt. % Si-ZrO2 
and after treatment with (c) 1 wt. % NaOH, (d) 2 wt. % NaOH, (e) 1 wt. % KOH, (f) 2 wt. 
% KOH, (g) 1 wt. % CsOH and (h) 2 wt. % CsOH. Sample weight: ~ 0.30 g. 
 
Table 4-14 TPD data showing the number of basic sites.  





4 Si-ZrO2 19.6 
 
0.093 
1 wt. % Na/4 Si-ZrO2 60.4 
 
0.308 
2 wt. % Na/4 Si-ZrO2 58.7 
 
0.303 
1 wt. % K/4 Si-ZrO2 34.2 
 
0.168 
2 wt. % K/4 Si-ZrO2 57.0 
 
0.281 
1 wt. % Cs/4 Si-ZrO2 39.6 
 
0.201 
2 wt. % Cs/4 Si-ZrO2 37.8 
 
0.204 
Sample code: m Si-ZrO2 where m = wt. % Si in zirconia. 
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4.6.3 Catalytic Activity for the Decomposition of 4-Methyl-2-Pentanol 
A 4 wt. % Si-ZrO2 showed 100 % conversion of 4-methyl-2-pentanol at 300 °C with a 
poor selectivity to 4-methyl-1-pentene of only 17 % (Fig. 4-21). When the sample was 
treated with 2 wt. % NaOH, its activity was very much decreased. The conversion of 4-
methyl-2-pentanol was only 41 % although a higher selectivity to 4-methyl-1-pentene, 27 
%, was observed. Washing with various amounts of water increased the activity of the 
catalyst to nearly 100 %. The selectivity to 4-methyl-1-pentene was also increased to 31 – 
34 %, although this is still lower than the 64 % selectivity found over pure zirconia. 
During the immersion, some of the alkali metals were ion-exchanged with the hydroxyl 
groups of the silica-zirconia sample while others were merely adsorbed onto the surface. 
These adsorbed ions blocked the active zirconium sites and led to a reduction in the 
catalytic activity of the sample. Washing removed the adsorbed ions thus exposing the 
active sites. The ion-exchanged alkali metals should not be removed by washing due to 
the nature of their binding. The results show that washing with 500 mL of water after 
immersion in the alkali solution should be sufficient to restore the active sites on the 
catalyst. Hence, this volume of water was used for washing all alkali-treated samples. 
 
As the highest selectivity to 4-methyl-1-pentene over the silica-zirconia was found at 325 
°C, this temperature was used for further testing. At 325 °C, the main products formed 
over the untreated 4 wt. % Si-ZrO2 sample was 4-methyl-2-pentene (38 %) and other 
isomeric pentenes ( C6-alkenes, 37 %). The selectivity to 4-methyl-1-pentene was only 
17 % (Fig. 4-22). Increasing the concentration of the NaOH solution used for treating the 
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the different products was changed. Especially, the selectivity to C6-alkenes was reduced 
to < 10 %, indicating that the strong acidic sites responsible for the isomerization reaction 
were neutralized. The highest selectivity to 4-methyl-1-pentene, 38 %, was obtained after 
immersion in the 2 wt. % NaOH. This agrees with the results of the CO2 TPD where 
stronger basic sites were generated after this treatment. Immersion in NaOH solutions of 
higher concentrations did not lead to significant improvement in the selectivity of this 1-
alkene. 
 
Similar results were obtained for NaOH treatments of 8 and 15 wt. % Si-ZrO2 (Figs. 4-23 
and 4-24). After treating the 8 wt. % Si-ZrO2 with 1 wt. % NaOH, the selectivity to 4-
methyl-1-pentene increased from 13 % to 39 % while the selectivity for C6-alkenes 
dropped from 40 % to only 7 %. For the 15 wt. % Si-ZrO2, the selectivity to 1-alkene was 
improved from 7 % to 34 % after immersion in 1 wt. % NaOH. The selectivity to C6-















Fig. 4-21 Conversion and selectivity to 1-alkene versus amount of water for washing 4 wt. 
% Si-ZrO2 after treatment with 2 wt. % NaOH solution. (*): pure 4 wt. % Si-ZrO2. 
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Fig. 4-22 Conversion of 4-methyl-2-pentanol and selectivity to alkenes and ketone as a 
































Fig. 4-23 Conversion and selectivity to all alkenes and ketone versus NaOH 

































Fig. 4-24 Conversion and selectivity to all alkenes and ketone versus NaOH 




Treatment in different alkali solutions showed that the conversion decreased from NaOH- 
> KOH- > CsOH-treated silica-zirconia (Fig. 4-25). However, the selectivity to 4-methyl-
1-pentene increased from 17 % in the untreated silica-zirconia to 44 % in the CsOH-
treated sample. This selectivity is still below the 64 % observed over pure zirconia. Hence, 
the results show that although treatment of silica-zirconia with CsOH is most effective in 
removing strongly acidic sites, it was not possible to fully restore the acid-base property 


























Fig. 4-25 Dependence of conversion and selectivity to 1-alkene over 4 wt. % Si-ZrO2 
after treating with 1 wt. % alkali solution. (*): pure 4 wt. % Si-ZrO2. Reaction 
temperature: 325 ºC. 
 
4.7 Effect of Zirconia-Grafted Catalysts 
Besides alkali doping to reduce the acidity of silica-zirconia, grafting of zirconia 
overlayers onto silica-zirconia was attempted. A 4 wt. % Si-ZrO2 sample was dried at 300 
°C for 4 h. After cooling to 100 °C, the sample was impregnated with zirconium-1-
propoxide and calcined at 500 °C. The amount of zirconium-1-propoxide was calculated 
to deposit one monolayer of ZrO2 based on a surface density of 8 Zr atoms/nm2. 
Following calcination, the grafted sample was used as a support for a second grafting, to 
form a bilayer of ZrO2. For 4 wt. % Si-ZrO2, the surface area decreased from 211 m2/g to 
143 m2/g and the pore volume decreased from 0.50 cm3/g to 0.31 cm3/g after two grafting 
steps (Table 4-15). The pores were between 2 – 25 nm in size. After grafted with zirconia, 
the pore size distribution became narrower with the mesopores centred around 3.3 nm as 
shown in Fig. 4-26. This suggests that the zirconia is deposited on the surface of 4 wt. % 
Si-ZrO2 support with some pore blockage. The pore size distribution curves showed that 
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pores of 5 nm or smaller were increased in density. On the other hand, loss of bigger 
pores (> 5 nm) occurred after grafting, thus the surface area and pore volume decreased.  
 
Powder X-ray diffraction measurements show that the monolayer-grafted sample was 
amorphous but after the second grafting, broad diffraction peaks corresponding to 
tetragonal zirconia could be observed (Fig. 4-27). In the decomposition of 4-methyl-2-
pentanol, the selectivity for 4-methyl-1-pentene over the grafted samples was only 
slightly higher, 23 - 25 %, as compared to 16 % for 4 wt. % Si-ZrO2 (Fig. 4-28). The low 
selectivity could be due to incomplete coverage of the silica-zirconia surface by the 








































Fig. 4-26 Nitrogen adsorption/desorption curves and pore size distributions of zirconia 




























Table 4-15 Surface area and pore volume for non-grafted and zirconia grafted samples. 
 




4 wt. % Si-ZrO2 (non-grafted) 211 0.50 
Monolayer-grafted 179 0.36 
























Fig. 4-27 XRD patterns of zirconia grafted on 4 wt. % Si-ZrO2. Calcination temperature: 





























Fig. 4-28 Conversion and selectivity to 1-alkene over zirconia-grafted on 4 wt. % Si-ZrO2. 




1. The incorporation of Si in zirconia resulted in a higher surface area. The samples 
showed good thermal stability up to 900 °C. 
 
2. The presence of Si resulted in formation of amorphous or tetragonal phase. Below 4 
wt. % Si, the tetragonal phase was present even after calcination at 1050 °C. For 
higher Si loadings, the samples were amorphous after calcination at 500 °C. 
 
3. The silica-zirconia samples were acidic and a maximum in acid density was found for 
8 wt. % Si-ZrO2. Digestion of the silica-zirconia hydrous precursor resulted in a 
further increase in acidity, with the effect being more pronounced for Si loadings 
below 6 wt. %. 
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4. Due to the acidic property, the samples were active for the decomposition of 2-
propanol with a higher yield of propene than pure zirconia. For Si loading > 8 wt. %, 
the selectivity to propene was 100 %. The absence of acetone indicates a lack of basic 
sites. 
 
5.  In the decomposition of 4-methyl-2-pentanol, the silica-zirconia samples showed 
higher selectivities for 4-methyl-2-pentene and other C6-alkenes. The selectivity to 4-
methyl-1-pentene was lower than for pure zirconia. 
 
6. Alkali doping resulted in a higher selectivity to 4-methyl-1-pentene with cesium ions 
being the most effective. However, the highest selectivity of the silica-zirconia 
samples for 4-methyl-1-pentene was 44 %, which is still lower than for pure zirconia, 
64 %. 
 
7. In the decomposition of 4-methyl-2-pentanol, the selectivity for 4-methyl-1-pentene 
over the zirconia grafted samples was only slightly higher, 23 - 25 %, as compared to 
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Chapter V 
Conclusions and Future Work  
 
In this study, the synthesis of zirconia with high surface area was attempted. The effect of 
digestion on zirconia samples was attempted. The surface area of zirconia increased from 
44.5 m2/g to 64.7 m2/g after digestion. The effect of doping with silica was also 
investigated. As the incorporation of silica increases the surface acidity, the sample was 
washed with alkalis such as NaOH, KOH and CsOH to neutralize the acid sites. With this 
method, surface areas up to 271 m2/g could be obtained with 15 wt. % Si. The surface 
acidity was investigated by the decomposition of 4-methyl-2-pentanol to 4-methyl-1-
pentene. Despite alkali doping, the acidity could not be fully restored as the selectivity to 
4-methyl-1-pentene was at best 44 % over the silica-doped zirconia as compared to 64 % 
for the pure zirconia. 
 
Future work could investigate the incorporation of cerium or titanium into zirconia. 
Depending on the change in the surface acidity, neutralization by calcium, barium, 
strontium or magnesium could be studied.  
 
 
